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Interaction-induced edge channel equilibration
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The electronic distribution functions of two Coulomb-coupled chiral edge states forming a quasi-one-
dimensional system with broken translation invariance are found using the equation of motion approach. We
find that relaxation and thereby energy exchange between the two edge states is determined by the shot noise
of the edge states generated at a quantum point contact (QPC). In close vicinity to the QPC, we derive analytic
expressions for the distribution functions. We further give an iterative procedure with which we can compute
numerically the distribution functions arbitrarily far away from the QPC. Our results are compared with recent

experiments.
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Two decades ago, edge states' (ESs) were demonstrated
to be a physical reality by creating a nonequilibrium
population® through selective injection and detection of car-
riers in different states along the same edge.> Experiments
revealed that the inter-edge carrier scattering could be
strongly suppressed®™ over distances of 80 um. Now in a
series of experiments the group of Pierre®’ has investigated
the nonequilibrium distribution function in an ES as it
evolves along a channel away from a QPC at which it is
initially created. Following metallic diffusive conductors®
and carbon nanotubes’ this is only the third type of mesos-
copic conductor for which the distribution in the presence of
transport has been measured. It is of the highest interest since
it is the first distribution measurement on a single quantum
channel.

The experiments are carried out in a high mobility two-
dimensional electron gas at a filling factor v=2 such that
there is an outer (spin-up) nonequilibrium ES and an inner
(spin-down) equilibrium ES. The distribution function is
measured with the help of a quantum dot (QD) sufficiently
small to provide transmission only through a single resonant
level (see Fig. 1). The QD serves as an energy spectrometer
and permits the reconstruction of the distribution function in
the outer ES.

The experiments reveal two surprising features: First, the
initial nonequilibrium distribution created at the QPC and
calculated from noninteracting scattering theory differs only
weakly from the measured one over distances of close
to 1 um.%7 At large distances from the QPC, due to the
Coulomb interaction between carriers in the two ESs, the
distribution function evolves into an equilibrium distribution
function at an effective electrochemical potential and tem-
perature. The outer nonequilibrium ES transfers part of its
energy to the inner ES. The two ESs equilibrate toward the
same equilibrium distribution with the same temperature (but
still at different electrochemical potentials due to lack of par-
ticle exchange between the two ESs). The second surprise of
the experiments is the fact that the temperature of the distri-
bution functions at large distance in the two ESs is lower
than dictated by equilibrium thermodynamic arguments.’
The first surprise shows that relaxation due to inter-ES inter-
action is weak. The second surprise implies that equilibration
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occurs not only between the inner and outer ESs but that
there must be an additional equilibration mechanism which
cools the two ESs below what would be expected from
inter-ES coupling alone. We propose that additional excita-
tions in the bulk,' which couple predominantly to the inner
ES, have to be considered to understand this effect. Although
the nature of these excitations remains unclear, the experi-
mental findings of Ref. 7 are consistent with this hypothesis.
For example, it is found that when the inner ES is forced to
form a short closed loop, then relaxation in the outer ES is
strongly suppressed.

The physics of ESs is often discussed within the frame-
work of bosonization theory, where the elementary excita-
tions have bosonic character and are of collective nature.!!
Also the experiment by le Sueur ef al.” can be discussed in
this manner.'? In contrast, we take the weak equilibration
seen at distances of less than a micrometer as the starting
point of a discussion which treats inter-ES interaction
perturbatively.'3 The interaction is described in terms of two-
body collisions. We use the equation of motion approach for
second quantized operators to derive an evolution equation
for the distribution functions which resembles a Boltzmann
collision term with the added complication that there are two
different initial distributions (one for each ES). Alternatively
the Coulomb matrix elements which appear in this theory
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FIG. 1. (Color online) (a) The experimental setup to measure the
electronic distribution function of an ES. The full (red) curve rep-
resents the measured outer ES while the dashed (blue) curve repre-
sents a copropagating inner ES. The two ESs exchange energy via
Coulomb interaction between x=0 and x=L. The initial distribution
functions (b) relax via energy-conserving particle-hole excitation
processes toward Fermi functions (c).
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can be taken from a random-phase approximation (RPA)
theory'# in which the electron densities in each channel fluc-
tuate and interact through an (effective) capacitance. To treat
equilibration at longer distances, we iterate numerically the
solution for short distances. At large distances the distribu-
tion functions approach their equilibrium form dictated by
entropy maximization.

We describe the ESs in terms of scattering states x,z(x)
with energy E and label a=o0,i (i: inner and o: outer). The
inter-ES interaction is given by

1 -
Hint= 52 dedE’Ua(E’7E)aLE’aaE’ (1)

where GZE(%E) is the creation (annihilation) operator for the
scattering state y,r and U,(E',E) is the potential operator
for scattering a particle from E to E’ in the ES « at the
expense of a particle scattering in the opposite ES a. Explic-
. a + .

ltly Ua/(El’ ’El . t)=de2dE%’Vgla/Ezf,ElEza&Ezr(t)aaEz(t) in the

. . i . .
Heisenberg picture and Ve £y E, 18 the inter-ES electron-

electron interaction matrix element for the scattering process
(aE,,@E,)— (aE,/,aE,:). Using the Heisenberg equation of
motion ifida,g(t)=[a,g(t),H], the electronic distribution
function f,(E) in ES « can be found by evaluating
(aaE(t) g (1))=8(E-E")f,(E). The noninteracting distribu-
tions are jo (E) f(’ (E) and jS(E) ’Rfo (E)+’TfO (E) where
fo {1+exp[(E- ,u)/kBT]} and T(R) is the transmlssmn
(reﬂectlon) probability of the QPC (see Fig. 1). The chemical
potential of the inner ES wu; can experimentally be tuned
independently of u; and u, by using an additional QPC (not
shown in Fig. 1). To second order in the interaction matrix
element the distribution is ff)z f2+ 5]9, where (see supple-
mentary material'> for details)

S (E)
=27 f dw[fg(E +ho)[1 - fUE)SSy sy (E.E+hiw,0)

—fUE)1 - fAE+ho)IS5, s (E+hoEw)].  (2)

The first term contains the absorption potential fluctuation
spectrum!® §4 su ou (E.E', ) describing an absorption of en-
ergy fiw by the ES' a, while the ES « goes from energy E’ to
E. Likewise the second term with the emission fluctuation
spectrum stua su,, describes the emission of energy fiw from
the ES @ to the ES «, which consequently leads to the tran-
sition E— E+fw in . The fluctuation spectra are to lowest
order in the interaction and defined by 2775(w+ ')
XS5y su (E' E @) =(8U4(E,E' ,w) VU (E'E, ")),
where 5U(1)— U(l) (U(1)> is the Fourier transformed opera-
tor for the dev1at10n from the average potential to first order
in the interaction. The emission spectrum is found by inter-
changing the two 6U, in the absorption spectrum or equiva-
lently by changing the sign of w. Explicitly, the spectra are
found to be
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where the interpretation in terms of emission and absorption
spectra is clear. By inserting these into Eq. (2) the similarity
with the collision integral in the Boltzmann equation be-
comes evident.

Next we wish to calculate 5f<az)(E). To this end, the
inter-ES scattering process (aE, @E,) — (aE|:,@E,/) needs
to be considered. If the ESs are perfectly translation invari-
ant, then energy and momentum conservation together re-
duce the available one-dimensional phase space enormously
compared to higher dimensions.!” This leads us to consider
the more realistic non-translation-invariant case caused by
the fact that the ESs follow the equipotential lines created by
the sample edges and the impurity potential. Including this
nontranslation invariant ES physics leads to the presence of
nonmomentum conserving scattering processes increasing
the phase space substantially.'®!° The broken translation in-
variance is included into the model of the inter-ES interac-
tion matrix element |Vg?‘ EyE, E2|2. To avoid modeling a spe-

cific geometry we perform a statistical average over the
geometry of the ESs and thereby introduce the momentum
breaking correlation length €,,, which is smaller than the size
of the region of relaxation L. For simplicity, an effective
interaction of the form V(x,x’)=8(x—x")g(x) is used and it
is assumed that the deviation of g(x) from some mean value
go 18 Gaussian distributed, i.e., (g(x)—go)(g(x")—go)
:A/(v’%ﬂ pexp[—(x—x") 2/(262)] where A/(\’Erfp) is the
maximal deviation and --- denotes the geometrical averag-
ing. This yields an interaction with a momentum conserving
and a momentum breaking part. The latter is (see supplemen-
tary material'® for details)

aa

VEllEz/,E1E2|2Ak¢() = (Akfp)z/z], (4)

AL
a7 3expl-

a” a
where Ak=(E,-E,/)/(hv,)+(E,—E5/)/(hvg), using linear
dispersion relations with different velocities v, for the two
ESs. Note that for linear dispersions with different velocities
there is no phase space for scattering in the momentum con-
serving limit, Ak=0, but in the very special (almost patho-
logical) case v,=v 5, momentum and energy conservation are
equivalent leading to plenty of phase space. The specific
model for the interaction and the matrix element is not of
great importance as long as it includes the physics leading to
nonmomentum conserving processes, which in turn intro-
duces a new length scale €,

For energy conserving scattering, the model matrix ele-
ment Eq. (4) only depends on the transferred energy in the
scattering?® since Ak=w(1/v,~1/vg). This means that the
energy integral in the fluctuation spectra of Eq. (3) can be
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FIG. 2. (Color online) Analyti-
06l cally calculated inner (left) and
outer (right) ES distribution func-
04l tions in the regime kgT,|u,— a1
<|AE|. The parameters are (ener-
0.2} gies in peV): 7=0.5, u,=15, u,
; =30, 11;=20, and kzT=0.2.
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done analytically upon which it becomes evident that
6ff)(E)O<’Z'(1—T). Thus the greater the shot noise of the
QPC, the faster the relaxation is. The elementary scattering
processes leading to relaxation consist of a particle loosing
energy in the noisy outer ES and a particle gaining energy
in the noiseless inner ES as illustrated on Fig. 1(b). The
matrix element introduces a new energy scale AFE
=(h/€,)v 05z (vz—v,), which limits the possible amount of
energy transferred between the two ESs in the scattering pro-
cess since the matrix element is proportional to e~/ ABY 1p
the limit that kpT,|u,—u,| <|AE| the distribution functions
for the inner and outer ES can be found analytically to be

SfP(E) = = YT = Ty — 1)

)

X[, (B) —.&(E)]{E St )
7
2
<=L (B) = £ (ENL(wksT) + (E - i)
0 B) £ (BN (kT + (B~ i1} (6)

SFPE) =TT -T)

where yZE(ZW)zAL/[h“vivé] and w; =+ (uy— ) is the
maximal and minimal energy of particles affected by the
scattering process in the inner ES. Here it is seen that the
maximal available energy (apart from thermal excitations of
order kzT) is given by the energy difference wu,—u, creating
the step distribution. The scattering processes create a linear
slope on the plateau of the distribution of the noisy outer ES
as shown in Fig. 2. The slope crosses the middle of the
plateau and it is proportional to the noise of the QPC and the
energy available u,— u,. The inner noiseless distribution gets
a tail on both sides of the Fermi level, which extends over
the length of the plateau w,—pu;. In the general case, the
distribution functions can be found numerically and the ma-
trix elements in Eq. (4) have to be included in the calcula-
tion, but the transferred energy is still limited by AE.

The above perturbative results apply for a short distance L
after the QPC and express the distribution functions at L in
terms of the (unperturbed) distribution functions at the ori-
gin. Once the distribution functions at L are known we can
use them to calculate the distribution functions at a distance

2L via Eq. (2). By iterating this procedure we can thus de-
scribe the effective length dependence of the energy relax-
ation. A convenient quantity with which to characterize the
relaxation of f, at temperature 7 is given by the excess tem-
perature T, ., (Ref. 6) defined as

6
kBTexc,a = \/?f dEAfa(E)(E - ﬁa) - (kBT)2 (7)

Here Af (E)=f,(E)-6(fx,—E) is the difference between the
actual distribution function and a zero-temperature Fermi
distribution with the same number of particles and hence
Ao=Eg+[ zodEfa(E), where Ej is chosen such that f,(E)=1
for E<E,. kgT,,. , gives the energy of the nonthermal exci-
tations in f,. The initial excess temperature right after the
QPC of the inner ES is zero and the one of the outer ES is
given by k7%, ,={(3/ 7T~ D}"?|uy—p|. Because of
energy conservation, >,T,,., is a conserved quantity in the
equilibration process. Furthermore due to entropy maximiza-
tion the excess energy is distributed equally among the two
ESs, which in the limit of long distances thus converge to-
ward Fermi distributions with equal excess temperatures
given by kzT°?={(3/27%)T(1 - D}"*|ur—u;|. The excess
temperature of the outer ES measured in Ref. 7 does indeed
saturate at large distances toward a finite value. This value is
however found to be systematically lower than the above
prediction for large voltage biases.!®> Surprisingly it agrees
well with the value kg7 ={T(1 = 1)}"?| uy— s, |/ 7 expected
from energy equipartition among three instead of only two
channels. What could provide the additional relaxation chan-
nel? Excitation of internal modes of the inner ES has been
suggested as an additional relaxation mechanism.'? In Ref. 7
it has been observed that if the inner ES is forced to form a
short enough closed loop, such that the energy level spacing
of its (discrete) spectrum is larger than the available energy
provided by the voltage bias u,—u;, then relaxation of the
outer ES is strongly suppressed. Thus internal modes of the
outer ES are not excited. Motivated by this observation, we
suggest instead, that there exist excitations of localized states
in the bulk,'” which are coupled via Coulomb interaction to
both the inner ES and an ES on the opposite side of the
sample. As long as the bulk excitations can be created, such
a mechanism would allow extra energy to be carried away
from the outer ES.
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FIG. 3. (Color online) The excess temperature of the outer ES
versus the voltage difference across the QPC. For clarity curves for
different lengths have been shifted upward by 75 mK. The dashed
(black) lines indicate the initial value Tgm , (upper lines) and the
asymptotic value fo(f ) (lower lines) as expected from energy equi-
partition. The thin (black) lines are guides for the eyes to better see
the weak nonlinearity present at intermediate distances (especially
for 2.2 and 4 um). Experimental data (circles with error bars) cour-

tesy of Pierre et al.
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As a first approach we model this extra degree of freedom
as an additional ES coupled to the inner ES only, initially in
equilibrium at the electronic temperature, which we take to
be T=30 mK. This then contributes an extra collision term
in Eq. (2) and allows a quantitative comparison with the
experiment.” The fitting procedure is detailed in Ref. 15 and
the result is shown in Fig. 3. The best fit is obtained when the
coupling strength to the bulk excitations is about three times
larger than the inter-ES coupling strength and when AFE
=14.3 weV, which for v, and v; between 10* and 10° m/s
leads to €p20.5 pm. For intermediate distances (i.e., 2.2
and 4 um) both the data and our numerics display a similar
weakly nonlinear behavior of the excess temperature as a
function of the voltage bias.

To conclude, we have computed the distribution functions
of two Coulomb-coupled ESs in the integer quantum Hall
regime. We derived an analytic expression for the leading-
order correction to the noninteracting theory, which is
present in a system without translation invariance. We have
shown further that the result obtained in the long-distance
limit, by iterating the perturbative solution numerically, is in
quantitative agreement with a recently performed experiment
if we take into account the electric coupling between the
innermost ES and bulk excitations. Finally we note that mea-
surements of the distribution functions of both channels for
even shorter distances than 0.8 um should allow for further
critical testing of our theory.
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