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Spatial evolution of hot-electron relaxation in quantum Hall conductors
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~Received 27 January 1998!

We have analyzed the energy relaxation of hot electrons in the prebreakdown regime of the quantum Hall
effect. Hot electrons, generated by a periodic set of constrictions, are injected into two-dimensional electron
systems~2DES’s! of various mobilities, with Hall fields below the breakdown value. The resistivity of the
2DES is measured as a function of the distance from the injection front. The results are compared with
calculations on the basis of a nonequilibrium between the excitation and relaxation of hot electrons. Energy
relaxation lengths from 0.3 to 3mm were deduced, which increase with the mobility and are comparable to the
mean free path.@S0163-1829~98!51936-4#
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The nondissipative current flow in the quantum Ha1

~QH! regime is restricted to a certain current range, limit
by a critical current.2 Above this critical current value, which
depends on geometrical3–5 and intrinsic5,6 sample properties
a sudden onset of dissipation with an abrupt increase of
resistivity rxx @breakdown of the quantum Hall effec
~QHE!# occurs.

In samples with mobilities in the range 105– 106 cm2/V s,
a linear dependence of the critical current on the sam
width was found.5 This result implies a constant critical cu
rent density and indicates the relevance of intrinsic tw
dimensional~2D! bulk properties for the breakdown. Besid
this rather predictablewidth dependence, a peculiarlength
dependence of the QHE breakdown was recently report7

Moreover, it was found that the breakdown develops ove
certain drifting distance of electrons in the device, visible
an increase of resistivity~and hence energy dissipation!
along the drift direction of electrons.8 This result is explained
on the basis of an avalanche heating process of the elect
reaching a steady state of balanced energy gain and loss
a certain drifting distance.

In this study, we have monitored the decay of the ene
of hot electrons along their drift path by measurements of
resistivity as a function of the distance from the position
hot-electron injection. The electrons are heated in array
parallel narrow channels~wires!. These wires form a serie
of parallel constrictions with equivalent properties, providi
a homogeneous temperature front of heated electrons
enter the unpatterned two-dimensional electron sys
~2DES!. A set of logarithmically spaced, narrow potenti
probes was used to monitor the resistivity profile, which
related to the energy relaxation of the hot electrons inside
2DES. We found remarkable dependences of the resist
profile on the current and on the electron mobility of t
samples. Within a small range of currents below the criti
value, a strong increase of the characteristic decay lengt
the resistivity was observed. Above a certain current le
the dissipation persists over the entire sample length.
electrons injected from a wide metallic contact~opposite cur-
rent direction!, the QH breakdown was found at higher cu
rents.

The samples were prepared from four GaAs/GaxAl12xAs
wafers with electron densitiesns ranging fromns52.0 to
PRB 580163-1829/98/58~12!/7536~4!/$15.00
d

e

le

-

.
a
s

ns,
fter

y
e
f
of

at
m

s
e

ty

l
of
l,
or

2.631011 cm22 and Hall mobilitiesmH in the range from
mH54.03104 to 1.043106 cm2/V s. The samples were se
lected to cover a wide range of mobilities at nearly the sa
carrier density. The various mobilities were realized by d
ferent spacer thicknesses. All samples were patterned as
bars of a width ofw590mm with 19 pairs of Hall probes
~2-mm wide at the junction to the current channel!, logarith-
mically spaced froml 56 mm to 133mm. For the heating of
electrons, 100-mm-long grooves of 2-mm effective width,
leaving 2-mm-wide channels~wires! in between, were pat-
terned by electron beam lithography periodically and in p
allel to the current flow direction~see Fig. 1!. In comparison
to a single constriction of the same width ratio, the perio
arrangement of wires produces more uniform electron te
peratures at the end of the constricted area.

At all samples, current- and temperature-dependent m
surements of the quantum transport were performed in
current range from 10mA<uI SDu<55mA ~for both current
polarities!, at temperatures 1.3 K<T<18 K and and in mag-
netic fieldsuBu<11.5 T ~for both field directions!.

Figure 2 shows the resistivityrxx5(Vx /I SD)(w/ l ) as a
function of the magnetic field near the second QH plate
for a currentI SD well below the critical currentI c

0545mA.
The parameterx indicates the position of the resistivity mea
surement~in the middle between two adjacent potent
probes! relative to the injection front at the end of the wire
~see Fig. 1!. No significant changes of the resistivityrxx as a
function of the probing positionx were observed for the cur
rent flow direction towards the wires@in our notation, the
current flow direction is identical with the direction of ele
tron motion, Fig. 2~a!#. In contrast, the electron injectio
through the wire array into the Hall device leads to a stro

FIG. 1. Schematic view of the sample geometry.l w is the
length of the wires,w is the width of the quantum Hall conducto
and l is the distance between the potential probes.
R7536 © 1998 The American Physical Society
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dependence ofrxx on the probing positionx, as shown in
Fig. 2~b!. The farther the potential probes are located aw
from the hot-electron entrance at the end of the wires,
wider the QH plateau becomes@see the inset in Fig. 2~b!
with a gray-scale plot ofrxx in the B-x plane#. These plots
clearly demonstrate that hot electrons, heated in the w
array (rxx.100V), penetrate deeply into the device ov
length scales up to hundreds of micrometers. This is a c
indication that a certain drifting distance is necessary for
hot electrons to relax to the lattice temperature. The sa
principal behavior was observed for all samples, but o
length scale increasing with the sample mobility. In Fig.
the variation ofrxx at the filling factorn52 as a function of
the probing positionx is shown for samplesA, B, and C
@Figs. 3~a!–3~c!, for the sample parameters see Table I#, with
the current as parameter. At lower currents,rxx decreases
rapidly with the distance towardsrxx50 ~within the uncer-
tainty of the measurement!. With increasing current, the
slope of rxx as a function of the distance decreases. T
function rxx(x) can be approximated by an exponential d
pendence:

FIG. 2. Resistivityrxx of sampleA near the second QH plateau
measured at different pairs of adjacent potential probes with cur
flow of electrons towards @~a! I 5135mA# and from @~b! I
5235mA# the wire array. The distance of the potential prob
from the wire array is given in the legend. Insets: gray-scale plot
rxx ~black: rxx<4 V, white: rxx>100V) in dependence on the
magnetic fieldB and probing positionx ~taken in the middle be-
tween the adjacent potential probes!. Only for the current flow from
the wires into the 2DES, does a significant distance dependen
rxx occur.
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rxx~x!5rxx
0 expH 2

x2x0

L0
J ~1!

in the region withx.x0 whererxx is smaller than a certain
saturation valuerxx

0 , which is of the order of some hundre
ohms. The value ofx0 marks the end of the saturation are
near the injection front. This saturation area (0,x,x0) is
mainly due to a weaker temperature dependence ofrxx at
rather high electron temperatures, present close to the in
tion front. L0 is the characteristic decay length of the res
tivity. The resistivity profilesrxx(x) could be better approxi-
mated by Eq.~1! for the samples with lower mobilities. Fo
sampleD with the highest mobility, the gray-scale plot o
rxx5 f (B,x) ~Fig. 4! clearly shows a strong inhomogenei
of the QH state along the sample around the filling facton
52. In this case, no clear functional dependencerxx(x)
could be deduced, although the principal behavior is sim
to that of the samples with lower mobility.

From Fig. 3, a clear trend of therxx-vs-x slope towards
zero with increasing current is visible for samplesA, B and
C. The corresponding characteristic decay lengthL0 is a
function of the currentI, tending to infinity at a certain cur
rent. This current is identical with the breakdown curre
I c

2 , injected from the wire array into the unpatterned r
gion. In this case, the hot-electron state persists over
entire sample, representing a stationary equilibrium of
energy gain rate of electrons from the electric fieldEx along
the current flow direction and the corresponding loss due

nt

f

of

FIG. 3. Dependence of therxx minimum on the distance of the
probing contacts from the end of the wire array at different curre
~a! SampleA, I 534.0mA ~square!, 34.2, 34.4, 34.6, 34.8, 35.0
35.2, 35.4, and 35.6mA ~dashed line!. ~b! SampleB, I 542mA
~squares!, 43, 44, 45, and 50mA ~open circles!. ~c! SampleC, I
525mA ~squares!, 30, 31, 32, 33, 34, 35, and 40mA ~stars!.
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TABLE I. All data in the table are given for one magnetic field direction. For the opposite direc
~values in brackets forl D), the values agree within experimental error. The critical currents were meas
approximately in the middle between the wire array and the metallic current contact.

Sample ns/1015 m22 mH /T21 l mfp /mm I c
1/mA I c

2/mA t0 /ns l D /mm

A 2.25 4.0 0.31 45 35.4 0.24 0.26~0.27!
B 2.6 9.7 0.82 53 45.2 0.46 0.55~0.64!
C 2.0 53 3.9 37 36.6 2.60 3.2~4.0!
D 2.15 104 7.9 48 48
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dissipation. For currentsI ,I c
2 ~all currents are meant a

absolute values unless stated explicitly!, L0(I ) is finite, rep-
resenting a nonequilibrium with the dissipative loss domin
ing over the energy gain:

RxxI
2,$E~Te!2E~TL!%/t0 , ~2!

with Rxx5rxxl /w, E(T) as the energy of the electron syste
at the elevated electron temperatureTe or the lattice tempera
tureTL , respectively, andt0 as the energy relaxation time o
the heated electrons. Due to this nonequilibrium, the
electrons injected from the wire array continuously lose
ergy while drifting through the sample, until they equilibra
with the lattice temperature and return to the~nearly! non-
dissipative QH state. To relate this equilibrium process to
sample current and the scattering, we apply a two-le
model for the relaxation process of hot electrons. A 2DES
an integer filling factor in thermodynamic equilibrium atT
50 is characterized by a Fermi energyEF in the middle
between two Landau levels. All electrons populate the lev
below the Fermi energy, leaving the upper level atEF
1 1

2 \vc ~spin splitting neglected for even filling factors!
empty. Thus, the longitudinal resistanceRxx of such a system
is zero. If electrons are activated~thermally or by electric
fields! to the upper level, the resistanceRxx is proportional to

FIG. 4. Gray-scale plots ofrxx in dependence on the magnet
field B and probing positionx for the high-mobility sampleD @~a!
I 5135mA and ~b! I 5235mA#. Strong inhomogeneities alon
the current flow direction are evident from this plot. However, t
qualitative behavior is similar to the samples with lower mobilitie
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the numberN of activated electrons: Rxx5gN. Due to the
energy loss processes~as, e.g., electron-phonon scattering!, a
population ofN electrons in the upper level will decay i
time on a typical time scale oft0 . Consequently, the entire
differential change of the population in the upper level c
be written as

dN5dNgain2dNloss5
RxxI

2dt

\vc
2N

dt

t0
, ~3!

based on the assumption that the energy gainRxxI
2dt is used

to elevatedNgain electrons over the Landau gap\vc . To
obtain the resistivityrxx(x) as a function of the drifting dis-
tancex, we substitute the drifting timet by x according to
dt5dx/vD (vD is the drift velocity! and apply the relation
rxx5gN•(w/ l ). Further, we definerxx

0 as the resistivity in
the saturation area (0,x,x0) close to the end of the wire
array and make use of our experimental observation thatrxx
becomes independent ofx for I>I c . Applying these assump
tions and Eq.~3!, rxx(x) can be deduced:

rxx~x!5rxx
0 expH 2

x2x0

l D
F12S I

I c
D 2G J , ~4!

with l D5vDt0 as the average drifting length of electron
between two inelastic scattering events~energy relaxation
length! and I c

25\vc /gt0 .
Comparing Eqs.~1! and ~4!, the characteristic deca

length L0 can be related to the sample currentI and the
energy relaxation length l D according to L05 l D /
@12(I /I c)

2#. From the plots of ln(rxx) vs x as shown in Fig.
3, we deduceL0 from the linear part of the plot~typically in
the range 1V,rxx,100V). The linearity of these plots
was found the better, the lower the mobility and the close
the breakdown the current was. To determinel D from our
measurements, we plot 1/L0 as a function of (I /I c)

2 ~Fig. 5!.
As visible from Fig. 5, these plots yield approximately line
dependences for the samplesA, B, andC ~lower mobilities!
in a current range ofDI /I c'5 – 25 % ~the observable range
increases with mobility!. The corresponding values forl D are
summarized in Table I and show a remarkable coincide
with the mean free pathl mfp . As the latter values are mainl
determined byelasticCoulomb scattering at ionized dono
~at B→0 andT51.3 K), this means that theinelastic scat-
tering ~responsible for the dissipation near the QHB brea
down! is also related to the scattering at ionized donors. T
can be attributed to a high scattering probability of electro
incident from thex direction, into they direction~parallel to
the Hall electric field! by Coulomb scattering, followed by
an inelastic scattering event along the Hall field..
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From the values of the energy relaxation lengthl D and the
drift velocity vD , the energy relaxation timet0 can be de-
termined. As the breakdown currents are comparable for
samplesA, B, andC, the values oft0 at I 5I c were found
proportional to the mean free path or the Hall mobility of t
samples, respectively~see Table I!. The order of magnitude
of the energy relaxation times~0.24–2.6 ns! is in good agree-
ment with earlier assumptions,9 which were explained by
phonon-assisted dissipation. However, the observed pro
tionality between energy relaxation time and Hall mobil
means that the inelastic scattering rate in our sample
dominated by the scattering at impurities instead of intrin
electron-phonon coupling properties of the GaAs-bu
Fal’ko and Challis have calculated inter-Landau-level rel
ation rates for a 2DES in GaAs for one-phonon and tw

FIG. 5. Plots of the inverse characteristic decay length 1L0

versus (I /I c)
2 for samplesA ~squares!, B ~circles!, andC ~triangles!

for both orientations of the magnetic field~full and open symbols!.
From these plots, the energy relaxation lengths and energy re
ation times can be determined.
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phonon emission processes.10 They considered deformatio
and piezoelectric electron-phonon coupling. At higher ma
netic fields, as relevant for our experiments, they predic
dominance of two-phonon emission~with opposite directions
of the wave vectors of the emitted phonons! for the inter-
Landau-level relaxation. This was explained by the requ
ment of momentum conservation, which leads to a supp
sion of one-phonon processes with decreasing magn
length. Applying the corresponding relations, derived
Fal’ko and Challis, we obtain inter-Landau-level relaxati
times of 80 ns for the two-phonon process and 9ms for the
one-phonon process for magnetic fields corresponding to
second QHE plateau. These values exceed the energy r
ation times, which were observed in our experiments,
orders of magnitude and can therefore be taken as a co
mation of the importance of impurity-induced scattering f
the energy relaxation near the breakdown of the QHE.

To summarize, we have measured the spatial evolutio
the hot-electron relaxation in a 2DES in quantizing magne
fields. The electrons were heated in a wire array to provid
uniform electron temperature at the injection front. The ch
acteristic decay length of the resistivity was found
strongly increase with current in a rather narrow range
currents. For currents above the critical value, the resisti
remains elevated and almost unchanged over the e
sample length~'1 mm!. The characteristic decay lengths~at
comparable currents slightly below the breakdown val!
were found the longer, the higher the sample mobility is. T
current dependence of the characteristic decay length
explained by the energy loss dominating over the ene
gain of electrons. A clear correlation of the energy relaxat
lengths and the energy relaxation times with the mean
path was found, indicating the relevance of Coulomb scat
ing at ionized donors for the breakdown of the QHE.

The authors would like to acknowledge valuable disc
sions with W. Dietsche and R. R. Gerhardts.
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