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Spatial evolution of hot-electron relaxation in quantum Hall conductors

I. I. Kaya, G. Nachtwei, K. von Kilitzing, and K. Eberl
Max-Planck-Institut fu Festkaperforschung, HeisenbergstraBe 1, D-70569 Stuttgart, Germany
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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 @m were deduced, which increase with the mobility and are comparable to the
mean free path.S0163-18208)51936-4

The nondissipative current flow in the quantum Hall 2.6x10" cm2 and Hall mobilitiesuy in the range from
(QH) regime is restricted to a certain current range, limitedy,,,=4.0x 10* to 1.04x 10° cn?/V s. The samples were se-
by a critical currenf. Above this critical current value, which lected to cover a wide range of mobilities at nearly the same
depends on geometricaf and intrinsi€*® sample properties, carrier density. The various mobilities were realized by dif-
a sudden onset of dissipation with an abrupt increase of thierent spacer thicknesses. All samples were patterned as Hall
resistivity p,, [breakdown of the quantum Hall effect bars of a width ofw=90um with 19 pairs of Hall probes
(QHB)] occurs. (2-um wide at the junction to the current channébgarith-

In samples with mobilities in the range 201 cn?/V s, mically spaced from=6 um to 133um. For the heating of
a linear dependence of the critical current on the samplelectrons, 10Qtm-long grooves of Zzm effective width,
width was found. This result implies a constant critical cur- leaving 2um-wide channelgwires) in between, were pat-
rent density and indicates the relevance of intrinsic two-terned by electron beam lithography periodically and in par-
dimensional2D) bulk properties for the breakdown. Besides allel to the current flow directiofsee Fig. 1 In comparison
this rather predictablevidth dependence, a peculitggngth  to a single constriction of the same width ratio, the periodic
dependence of the QHE breakdown was recently repértedarrangement of wires produces more uniform electron tem-
Moreover, it was found that the breakdown develops over geratures at the end of the constricted area.
certain drifting distance of electrons in the device, visible as At all samples, current- and temperature-dependent mea-
an increase of resistivitfand hence energy dissipatjon surements of the quantum transport were performed in the
along the drift direction of electrorfsThis result is explained current range from 1@A<|lsp|<55uA (for both current
on the basis of an avalanche heating process of the electronslaritieg, at temperatures 1.3KT<18 K and and in mag-
reaching a steady state of balanced energy gain and loss aftestic fields|B|<11.5 T (for both field directions
a certain drifting distance. Figure 2 shows the resistivity,,= (V,/lsp)(W/l1) as a

In this study, we have monitored the decay of the energyunction of the magnetic field near the second QH plateau,
of hot electrons along their drift path by measurements of thgor a currentl 5, well below the critical current2=45 uA.
resistivity as a function of the distance from the position ofThe parametex indicates the position of the resistivity mea-
hot-electron injection. The electrons are heated in arrays ofurement(in the middle between two adjacent potential
parallel narrow channel@vires). These wires form a series probes relative to the injection front at the end of the wires
of parallel constrictions with equivalent properties, providing(see Fig. 1 No significant changes of the resistivity, as a
a homogeneous temperature front of heated electrons th@iinction of the probing positior were observed for the cur-
enter the unpatterned two-dimensional electron systerfent flow direction towards the wirefdn our notation, the
(2DES. A set of logarithmically spaced, narrow potential cyrrent flow direction is identical with the direction of elec-
probes was used to monitor the resistivity profile, which istron motion, Fig. 2a)]. In contrast, the electron injection

related to the energy relaxation of the hot electrons inside thghrough the wire array into the Hall device leads to a strong
2DES. We found remarkable dependences of the resistivity

profile on the current and on the electron mobility of the bu 950 pm

SampleS. Within a small range of currents below the critical S BUUL L I o
value, a strong increase of the characteristic decay length of e_g ] B'® w M
the resistivity was observed. Above a certain current level, —————

the dissipation persists over the entire sample length. For S ALLLLILA L R B I '

electrons injected from a wide metallic contéapposite cur- Y ‘

rent direction, the QH breakdown was found at higher cur- *

rents. FIG. 1. Schematic view of the sample geometry,, is the

The samples were prepared from four GaAs/8a ,As length of the wires is the width of the quantum Hall conductor,
wafers with electron densitiess ranging fromng=2.0 to  andl is the distance between the potential probes.
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FIG. 3. Dependence of the,, minimum on the distance of the
probing contacts from the end of the wire array at different currents.
(a) SampleA, =34.0uA (squarg, 34.2, 34.4, 34.6, 34.8, 35.0,
35.2, 35.4, and 35.A (dashed ling (b) SampleB, 1=42 uA
FIG. 2. Resistivityp,, of sampleA near the second QH plateau, (_square}s 43, 44, 45, and 5A (open circles. (c) SampleC, |
measured at different pairs of adjacent potential probes with current 25 uA (squares 30, 31, 32, 33, 34, 35, and 40A (stars.
flow of electronstowards [(@) |=+35uA] and from [(b) |
—35uA] the wire array. The distance of the potential probes X—Xo
from the wire array is given in the legend. Insets: gray-scale plots of Lo
pxx (black:  py,=<4Q, white: p,,=100Q) in dependence on the | . . . .
magnetic fieldB and probing positionx (taken in the middle be- IN the region withx>X, wherepy, is smaller than a certain
tween the adjacent potential prohe®nly for the current flow from ~ Saturation value?,, which is of the order of some hundred
the wires into the 2DES, does a significant distance dependence 6hms. The value ok, marks the end of the saturation area
Pxx OCCUI. near the injection front. This saturation area<{(®<Xxg) is
) N ] mainly due to a weaker temperature dependencg,pfat
dependence op,, on the probing positiorx, as shown in  rather high electron temperatures, present close to the injec-
Fig. 2b). The farther the potential probes are located awayion front. L, is the characteristic decay length of the resis-
frqm the hot-electron entrance at the e_nd of .the wires, th(ﬁvity_ The resistivity profilesp,(x) could be better approxi-
wider the QH plateau becomésee the inset in Fig.(B)  mated by Eq(1) for the samples with lower mobilities. For
with a gray-scale plot op,, in the B-x plang. These plots sampleD with the highest mobility, the gray-scale plot of
clearly demonstrate that hot eIectron;, heated in the W'r%XX=f(B,x) (Fig. 4) clearly shows a strong inhomogeneity
g;a’h(f;g;elsogélt)é r?ﬁr?grt;?jf ()C:‘eri?c!)r/olrgaetrge Tdhei\él(i:se ;\égaorf the QH state along the sample around the filling factor
indication that a certain drifting distance is necessary for the_2‘ In this case, no clear f“”c“."”"?" dependtlam;.g-g(x). .
hot electrons to relax to the lattice temperature. The sam8°UId be deduced, althoygh the pr|nC|p_aI behavior is similar
principal behavior was observed for all samples, but on 40 that of t_he samples with lower mobility.
length scale increasing with the sample mobility. In Fig. 3, From Fig. 3, a clear trend of the,,-vs slope towards
the variation ofp, at the filling factorv=2 as a function of ~2€ro with increasing current is visible for samplkesB and
the probing positiorx is shown for sample#, B, andC  C. The corresponding characteristic decay lengthis a
[Figs. 3a)—3(c), for the sample parameters see Tab)avith function of the current, tending to infinity at a certain cur-
the current as parameter_ At lower Currerﬁ§x decreases rent. This current is identical with the breakdown current
rapidly with the distance towards,,=0 (within the uncer- ¢, injected from the wire array into the unpatterned re-
tainty of the measurementWith increasing current, the gion. In this case, the hot-electron state persists over the
slope of p,, as a function of the distance decreases. Theentire sample, representing a stationary equilibrium of the
function p,,(x) can be approximated by an exponential de-energy gain rate of electrons from the electric fiEldalong
pendence: the current flow direction and the corresponding loss due to
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TABLE I. All data in the table are given for one magnetic field direction. For the opposite direction
(values in brackets forp), the values agree within experimental error. The critical currents were measured
approximately in the middle between the wire array and the metallic current contact.

Sample ng10°m=2  u /Tt lpplum 1 A I/ uA 70/NS Ip/um
A 2.25 4.0 0.31 45 354 0.24 0.28.27
B 2.6 9.7 0.82 53 45.2 0.46 0.5®.64
C 2.0 53 3.9 37 36.6 2.60 3.4.0
D 2.15 104 7.9 48 48

dissipation. For currents<<l.~ (all currents are meant as the numbem of activated electrons: R,,= yN. Due to the
absolute values unless stated expligitlyy(l) is finite, rep-  energy loss processéas, e.g., electron-phonon scattejirgy
resenting a nonequilibrium with the dissipative loss dominatpopulation ofN electrons in the upper level will decay in

ing over the energy gain: time on a typical time scale of,. Consequently, the entire
differential change of the population in the upper level can
Ryl 2<{E(Te)—E(T)} 70, (2)  be written as
with Ry,= pyl/w, E(T) as the energy of the electron system Ryl 2dt dt
at the elevated electron temperatiigeor the lattice tempera- dN=dNgajn— dNjoss= hoe -N 7._0’ 3

ture T, respectively, and, as the energy relaxation time of

the heated electrons. Due to this nonequilibrium, the hobased on the assumption that the energy Faim’dt is used
electrons injected from the wire array continuously lose ento elevatedNgy,, electrons over the Landau gdfw.. To
ergy while drifting through the sample, until they equilibrate obtain the resistivityp,,(X) as a function of the drifting dis-
with the lattice temperature and return to timearly) non-  tancex, we substitute the drifting timé by x according to
dissipative QH state. To relate this equilibrium process to thelt=dx/vp (vp is the drift velocity and apply the relation

sample current and the scattering, we apply a two-levep,,=yN-(w/l). Further, we defing?, as the resistivity in

model for the relaxation process of hot electrons. A 2DES athe saturation area Ox<Xx,) close to the end of the wire

=0 is characterized by a Fermi enery in the middle becomes independentxfor |=1.. Applying these assump-

between two Landau levels. All electrons populate the levelsions and Eq(3), p,4(x) can be deduced:

+3hw, (Spin spliting neglected for even filling factors 0 X—Xo

empty. Thus, the longitudinal resistarRg, of such a system Pl X) = Pro®XP) —

fields) to the upper level, the resistanBg, is proportional to ~ With Ip=vp7, as the average drifting length of electrons
between two inelastic scattering everienergy relaxation

Comparing Egs.(1) and (4), the characteristic decay

length Ly can be related to the sample currénand the
[1—(1/1.)?]. From the plots of Ing.) vs x as shown in Fig.

3, we deducé , from the linear part of the pldtypically in

Ip

an integer filling factor in thermodynamic equilibrium &t  array and make use of our experimental observationghat
below the Fermi energy, leaving the upper level Bt
| 2
d) e
is zero. If electrons are activatdgthermally or by electric ¢
length and12=%w./y7o.
energy relaxation lengthlp according to Lo=Ip/

the range X)<p,,<100€}). The linearity of these plots
was found the better, the lower the mobility and the closer to
| " ‘ ‘ : : : the breakdown the current was. To determigefrom our
46! (b) . measurements, we plotllf as a function of [/1.)? (Fig. 5).
o As visible from Fig. 5, these plots yield approximately linear
c 1000 RS dependences for the samplésB, andC (lower mobilitieg
@ 50 | o in a current range oA I/l ,~5—25 % (the observable range
44 @ 500 - increases with mobility The corresponding values i are
Hl o summarized in Table | and show a remarkable coincidence
Bl << ‘ . ‘ ‘ ‘ with the mean free pathy,. As the latter values are mainly
4 17 35 60 102 160 240 360 determined byelastic Coulomb scattering at ionized donors
X (um) (at B—0 andT=1.3 K), this means that thimelastic scat-

tering (responsible for the dissipation near the QHB break-
FIG. 4. Gray-scale plots g, in dependence on the magnetic dOWn) is also related to the scattering at ionized donors. This
field B and probing positionx for the high-mobility sampld [(a) ~ ¢an be attributed to a high scattering probability of electrons,
I=+35uA and (b) I=—35uA]. Strong inhomogeneities along incident from thex direction, into they direction (parallel to
the current flow direction are evident from this plot. However, thethe Hall electric fielgd by Coulomb scattering, followed by
qualitative behavior is similar to the samples with lower mobilities. an inelastic scattering event along the Hall field.
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— ' phonon emission process€sThey considered deformation
06 o 1 and piezoelectric electron-phonon coupling. At higher mag-
I netic fields, as relevant for our experiments, they predict a
051 1 dominance of two-phonon emissiéwith opposite directions
I of the wave vectors of the emitted phonprier the inter-
= % ° i Landau-level relaxation. This was explained by the require-
= 03l ] ment of momentum conservation, which leads to a suppres-
% | sion of one-phonon processes with decreasing magnetic
= o2l | length. Applying the corresponding relations, derived by
T Fal’ko and Challis, we obtain inter-Landau-level relaxation
ol s . | times of 80 ns for the two-phonon process ang9for the
I o Ay TEy ] one-phonon process for magnetic fields corresponding to the
0.0 s k . second QHE plateau. These values exceed the energy relax-
0.5 0.6 07

ation times, which were observed in our experiments, by
(|/|C)2 orders of magnitude and can therefore be taken as a confir-

mation of the importance of impurity-induced scattering for

FIG. 5. Plots of the inverse characteristic decay length, 1/ the energy relaxation near the breakdown of the QHE.

versus (/1) for samplesA (square} B (circles, andC (triangles To summarize, we have measured the spatial evolution of
for both orientations of the magnetic fie(fiill and open symbojs  the hot-electron relaxation in a 2DES in quantizing magnetic
From these plots, the energy relaxation lengths and energy relafields. The electrons were heated in a wire array to provide a
ation times can be determined. uniform electron temperature at the injection front. The char-

. acteristic decay length of the resistivity was found to

From the values of the energy relaxation lenigand the  ong1y increase with current in a rather narrow range of

drift yelocity Vo, the energy relaxation time, can be de- currents. For currents above the critical value, the resistivity
termined. As the breakdown currents are comparable for thg, 4ins elevated and almost unchanged over the entire
samplesA, B, andC, the values ofr at | =1 were found 50516 lengtti~1 mm). The characteristic decay lengtfat
proportional to th_e mean free path or the Hall mob|I|ty of thecomparable currents slightly below the breakdown value
samples, respectivelisee Table ). The order of magnitude \ ere found the longer, the higher the sample mobility is. The
of the energy relaxation “mﬁfﬁﬁm—?-ﬁ nkis in good agree- ¢ rrent dependence of the characteristic decay length was
ment with earlier assumptioriswhich were explained by gypjained by the energy loss dominating over the energy
phonon-assisted dissipation. However, the observed propogin of electrons. A clear correlation of the energy relaxation
tionality between energy relaxation time and Hall mobility lengths and the energy relaxation times with the mean free

means that the inelastic scattering rate in our samples isai was found, indicating the relevance of Coulomb scatter-
dominated by the scattering at impurities instead of |ntr|nS|qng at ionized donors for the breakdown of the QHE.
electron-phonon coupling properties of the GaAs-bulk.

Fal'’ko and Challis have calculated inter-Landau-level relax- The authors would like to acknowledge valuable discus-
ation rates for a 2DES in GaAs for one-phonon and two-ions with W. Dietsche and R. R. Gerhardts.
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