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Cyclotron emission from quantized Hall devices: Injection of nonequilibrium electrons
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Emissions of cyclotron radiation associated with the inter-Landau-level transition of nonequilibrium elec-
trons are experimentally studied in quantum-Hall-effect devices. It is confirmed that both the longitudinal
resistance and the contact resistance are vanishing when the cyclotron eli@&ia@being observed. For the
CE, a critical source-drain voltagésp is found to exist aVgp="7% w /2e, wherefi w, is the inter-Landau-level
energy spacing. Spatially resolved measurements reveal that the CE takes place at both of the current entry and
exit corners(““hot spots”) of the Hall bars. A model of ideal current contacts is discussed. The CE on the
source side is interpreted as being due to injection of nonequilibrium electrons from the source contact, and the
CE on the drain side as due to an inter-Landau-level electron tunneling caused by a steep potential wall formed
at the drain contacf.S0163-18209)04619-9

I. INTRODUCTION effect transistordMOSFETS. Unfortunately, however, the
CE experiments were carried out at large currents where the
In the quantum Hall effectQHE) regimel? the longitu- QHE breaks down to yield a finite longitudinal resistance
dinal resistanc&,, of a Hall-bar conductor vanishes. If the R,,.%° Also in the phonon experimentd,R,, is finite at
currentl passing through a Hall-bar conductor is infinitesi- relatively low magnetic fields where the inter-Landau-level
mal, theories predict that the electrical power necessary ttransition of the 2DEG is demonstrated: Although phonons
supportl is totally dissipated within the current contacts in are detected in the condition &,,=0 in higher magnetic
the QHE regimé:* In the experimentd, is always finite and fields, those phonons cannot be unambiguously ascribed to
little is yet clarified about the mechanism of dissipation. Es-those from the 2DEG without interpretation.
pecially it is still unclear whether the dissipation processes Despite these preceding works, our present understanding
take place within the contacts or in the two-dimensional elecis thus not satisfactory. First, we still do not have direct
tron gas(2DEG). This issue is of physical importance for it evidence of dissipation in the 2DEG in the unambiguous
deeply relates to understanding of the kinetics of electrorcondition that botiR,, and the excess contact resistafze
entry and exit at the interfaces between the 2DEG layer andre vanishing. Secondly, it is completely unclear whether the
the (metallio Ohmic contacts. dissipation in the 2DEG, if any, occurs in the source-side
By using the fountain-pressure effect of superfluid liquidcorner(where electrons enter the 2DEGr in the drain-side
helium, KlaRet al® demonstrated that, in the QHE state, corner(where electrons leave the 2DEG®r in both. Finally,
dissipation takes place almost totally at the diagonally oppo#f dissipation indeed takes place in the 2DEG wiRy,
site current entry and exit corners of the sample. The exis+R:=0, its physical mechanism should be clarified: The
tence of these “hot spots” was expected earlier by Wakabaeoexistence of dissipation in the 2DEG and the vanishing of
yashi and Kawajf. The same conclusion has been derivedR,,+Rc may not be a trivial issue. Based on a simple the-
from the experiments of Russedt al,” who applied local oretical model, van Son and co-workers suggested that local
bolometry technique. These experiments, however, do notonequilibrium distribution of electrons should be totally ab-
specify whether the dissipation takes place within the consent, yielding no dissipation in the 2DEG if the source-drain
tacts or in the 2DEG. voltageVgp is smaller tharf w/2e but nonequilibrium elec-
von Kilitzing et al® and Zinov'evet al® reported observa- trons come to be injected from the source contact Wigg
tion of the cyclotron emissiofCE) associated with the tran- exceedsiw/2e.**?In this model, nonequilibrium electron
sition of electrons from higher Landau levels to lower Lan-distribution and resultant dissipation in the 2DEG are ex-
dau levels in GaAs/AlGa, _,As Hall-bar devices. These CE pected only in the source-sidelectron entrycorner. All the
experiments demonstrated the presence of nonequilibriutmeasurements in the abdve'®are carried out with/gp, far
electrons among Landau levels, and indicated that power igrger than w./2e, and comparison with theory is impos-
dissipated at least partly in the 2DEG. A similar conclusionsible.
has been derived recently by Roshko, Dietsche, and In this work we study CE, which serves as a powerful tool
Challis!° who found the emission of phonons with the cy- to probe exclusively the local nonequilibrium electron distri-
clotron energyfw. in Si metal-oxide-semiconductor field- bution in the 2DEG. The purpose of this work(i$ to gain
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unambiguous experimental proof of local nonequilibrium
distribution of electrons in the 2DEG under the condition
Ryx+Rc=0, (ii) to extend the study toward smallég val-
ues in order to make comparison with theory possible, anc
(iii ) to specify the locatiofs) of the nonequilibrium distribu-
tion. The final goal of this work is to derive a consistent
picture of the kinetics of electron entry and exit in QHE Hall
bars at finite currents based upon these experimental resull
This paper is organized as follows. After a brief introduc-
tion of experimental methods in Sec. Il, experimental results
are presented in Sec. lll. In Sec. Ill A we study the QHE
state for the filling factor ofv=2 and show that CE is ob-
served(and thus finite dissipation occurs in the 2DE@&der
the conditionR,,+R-=0. In Sec. llIB, we study depen-
dence of the CE intensity owigp and find that the CE rapidly
weakens and practically vanishes ¥¢p<# w./2e. Dissipa-
tion in the 2DEG is thus suggested to occur only wikkyp,
exceedsh w./2e. Section Il C describes spatially resolved
measurements and shows that the CE occurs at both of tt () E2 (c) E3
electron entry and exit corners. This suggests that dissipa-
tions of comparable amplitudes take place on the 2DEG side FIG. 1. Schematic of the samples uséa). SampleE1: a long
at both of these corners. At the beginning of Sec. IV, it iS2DEG Hall bar. An equivalent geometry is illustrated in the right
argued that an electron heating model due to QHE breakpanel.(b) SampleE2: an array of 6% 197 Hall bars.(c) Sample
down at the current entry and exit corners is inappropriate té&3: a standard Hall bar.
interpret the experimental findings. The model of van Son
et al. of current contacts is also suggested to be not comtron resonance of the 2DEG with the full width at half maxi-
pletely satisfactory for the interpretation. To derive a consismum of about 2.5 cm' in the range of magnetic fields stud-
tent picture, Sec. IV A is devoted to construction of a theo-ied. The absolute relationship between the detected
retical model that deals with electron kinetics both inside avavelengths and the applied magnetic fields is determined
QHE Hall-bar conductor and at the interface to metallic conthrough the Fourier transform spectroscopy.
tacts. In Sec. IV B the generation of nonequilibrium distribu- The sample and the detector are, respectively, placed at
tion in the 2DEG forVgy>#w /2e is derived in a natural the centers of two superconducting solenoids installed in a
way and explained as a general property of ideal QHE conliquid helium cryostat. Radiation from the sample is guided
ductors with current contacts. Experimental results are redhrough a 29-cm-long metal light pipe to the detector.
sonably interpreted in terms of the proposed model, giving &amples are excited with an ac current at a frequency of 20

consistent picture of dissipation in QHE Hall bars. Section VHz and the detector signals are studied by using a lock-in
summarizes important conclusions. amplifier. All the measurements are carried out at 4.2 K.

Below, we will denote, byR;; ;, the multiterminal resis-
tance obtained by passing current from contact contact
and measuring the voltage between conkaand contact.

II. EXPERIMENTAL METHODS

Samples of three different geometries, labele@&as-E3
in Fig. 1, are used in the present work. The samples are Ill. EXPERIMENTAL RESULTS
fabricated on a GaAs/AGa _,As heterostructure crystal
with the 4.2-K mobility of 80 i¥/V s and the 4.2-K electron

density of 2.6¢ 10"/, Figure 1a) shows a long 2DEG tance over the full length of the Hall baR,,, the source/

Hall bar (sampleE1) of a channel width of 20m and a ) . %
total length of 53 mm. The 2DEG channel runs zigzag in adraln excess contact resistandage andRpc,” and the Hall

square of 4 4 mn?. An equivalent geometry is illustrated in resistanceR,
the right panel of Fig. (). Figure 1b) shows a Hall-bar _
array (sample E2), in which 197 parallel Hall bars are Rat= Rt Rsct Roct Ry @9
jointed in series 67 times. Each Hall bar is g4fh long and  When current is passed through the device, the total power
20 um wide. Figure 1c) shows a standard Hall bar of 3 mm input is given byR,1 %= (Ry+ Rsct+ Rpc+ Ry)12. The term
length and 1.5 mm widtksampleE3), which is used for the (Ry+ Rsc+ Rpc)1? leads to generation of nonequilibrium
study of spatial distribution of the cyclotron emission. electron distribution and causes dissipation in the interior
Highly sensitive photoconductive detectors based on theegion of the 2DEG layer. The CE can be accordingly ex-
cyclotron resonance of high-mobility 2DEG systems inpected from this term. The present experiments primarily
GaAs/AlLGa, _,As heterostructures are usEd* The detec-  deal with the Hall resistance terRy!2 that does not cause
tors are fabricated on the same GaAs@4 _,As hetero- dissipation in the interior region. The powét,,=Ry!?, has
structure crystal as that for sampled —E3. The spectral been suggested to be totally dissipated at the electron entry
response of the detectors has been studied by using a Fourig?s) and exit (Pp) corners forming “hot spots” in the Hall
transform spectrometer, and shown to be due to sharp cycl®ar?~’ viz.,

The two-terminal resistand®,, of a Hall-bar device may
be simply approximated by the sum of the longitudinal resis-
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From the general point of view, these dissipations may oc-
cur, respectively, partly on the contact sides(p)¢) and
partly on the 2DEG sideRgp)-2pee) Of these corners; viz.,

(100k Q)

25,26

Ps=Ps ¢+ Ps_2pea:

R

Po=Pp_c+Pp_2pec- (a)

Experimentally, however, the occurrence of dissipation on

the 2DEG side,Ps_,peg and/or Py _opeg, has not been 2 74
proved in an unambiguous manner because a possible cor sl <
tribution from the term R, +Rsct Rpc)1? was not ruled S e s T
out completely in the existing experiments. Dissipation pro- > ki &
cesses may be dominated by phonon emissions in any com>'1%”0_ = N—a ‘
ponent mentioned in the above. However, the components 3 N 2
Ps_»,pegandPp_,peg can be exclusively probed by the CE > \,%
when investigated under the conditi®),+ Rgc+ Rpc=0. 0 o >
4.4 2 n

A. Cyclotron emission in the dissipationless QHE state EZU E ]

Figure Za) displays the two-terminal resistanggs o5 of i & N§
sampleE1l and shows theR,, vanishes in the QHE states of 2.2 15 g 7
v=2 (B=5.65T) andv=4 (B=2.8T) but largely exceeds <* 2 o
the Hall resistance outside the QHE states. We study CE 0 o ]
from this sample in the vicinity of the QHE state of=2. 0 0 >
The magnetic field for the detector is fixed B=5.90T, 10 2
where the detector exhibits sharp spectral response at th

frequency of 79.9cm’. The current for the sample ik =

=50uA. As the magnetic fiel® is scanned, a sharp emis- =

sion line shows up at arour8i=5.85T, as displayed by the

thick solid line in the top panel of Fig.(B), where the two- >

terminal resistanc&®;;= Rys5 »5is shown together. The emis-

sion band is located at a magnetic field position slightly ¢ L

higher than thes=2 QHE plateau. To study CE exactly in 45 5 5% 657 45 5 8y B 85 7

the v=2 QHE state, we increase the electron densif\of (b) (c)

the sample by illumination of an infrared light-emitting di-

ode (LED). At each time of a slight increase i, we carry FIG. 2. (a) The two-terminal resistanceRy=Rys5,5, VS B in

out similar measurements. The experimental data shown isampleEl. (b) Cyclotron emissiongthick solid lineg Vg and Ry

the middle and bottom panels of Figh? are examples taken (thin solid ling as a function ofB applied to the sample. The

from such series of measurements. electron density increases slightly from the top to the bottofu)
The observed line shape of the photoresponse signalg,h_e emis_sio_n intensity normalized by _the t(_)tal_ power dissipation

Vg, is strongly affected by the sharp minimum of the total (thick solid lines, Vsig/Ral2, andR;, (thin solid lineg as a func-

dissipation Ryl2) at »=2. To obtain the correct shape of tion of B.

the emission spectra/qq is normalized asvgg/Ryl” and  terminal resistanceB,s ,4, and Rys g5, along with the two-
displayed in the corresponding columns in Fidc)2 The  terminal resistanc®y= Rys 5 in Fig. 3. We see that both
numbers marked on the vertical scales of Fi(c) nake it R,.,, and Rys 45 are vanishing in a finite magnetic-field
possible to compare the relative intensity among the threean'ge aroundv=2.00 (B=5.85T), whereVy, values are
emission lines. maximal. Since the SurRs o4+ Rys 65 includes both of the

In the panels at the top and bottom of Figc)2the peak excess contact resistancé®;c and Rpc, and R,, over a
position of the emission line correspondsue1.94 andy  nearly full length of the 2DEG channel, the simultaneous
=2.07, respectively, where the longitudinal resistanRgs  vanishing ofR,s 54 and Rys g5 assures thaRy,+ Rsct Rpc
(48 kQ) and 18 K), respectively are substantially larger than are vanishing. Measurements with higher sensitivity showed
the Hall resistance. Therefore, the cyclotron emissions therthat Rys o4+ Rys.65~0.08 K0 =6x10 3R, at »=2.00. We
are ascribed primarily to thé&onventional hot electron ef-  thus conclude that nonequilibrium electron distribution is
fects arising from th&,| 2 term. The situation is different in produced in the 2DEG under the condition wh&g+ Rsc
the middle panel, where the emission peak is located exactly Ry is negligibly small compared t8y, . This also implies
at v=2.00, whereRy, is seen to be equal to the quantized that the dissipationPsp)_2peg., in the 2DEG is finite under
Hall resistanceR, = (h/e?)(1/2)=12.9 K. this condition.

In order to confirm the correct quantization R; more The radiation power reaching the detector is on the order
rigorously, we replot these data together with the threeof 0.1 pW atv=2.00, which, together with the consideration
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FIG. 3. The normalized emission intensithick solid line,

R25,65

Vsig/Rotl 2, compared withRy; (thin solid ling and the three- AN R
terminal resistanceR,s ,4 andRys g5 (thin solid lineg as a function =T 7
of B. The condition is the samev=2.00) as that for the middle § - A pgpThw /2 -
panel of Fig. Zb). s -
- T T T
© -
of present optics, suggest that the power dissipated via cy- V.g»_ { N
clotron radiation comprises on the order of #(f the total > L i
dissipationP = Ps+ Pp =Ryl 2. Returning to Fig. &), we e
note that the amplitude 0f5q/R!? in the QHE state % 0 0z 04 0808 1
=2.00) is somewhat smaller than but comparable to those in io 81 e;j;‘
the adjacent non-QHE stateg<£1.94 andv=2.07). This =0
implies that the efficiency of energy conversion to the CE E
from the Ry12 term is smaller than but comparable to that 2L
from the R,1? term: An analysis shows that the efficiency 'g [
differs only by a factor of about 3. ok
We also note that thB position at whichV /Ry 1% takes ST
a maximum is the same among the three lines in Fig), 2 FOSTpA AT
being atB,=(5.85+0.06) T. The associated cyclotron effec- f0.41pA 0 T A
tive mass is derived to ba? = (0.069+0.0007)n, with the eARAAL A AT e A p A
free electron massny,. This mass value is in substantial [0.25 uA 2
agreement with the bulk cyclotron effective mass in a 2DEG A= A A A Ay
with vs=3.0x10"%cn? atB~6 T.1° 35 4 45 5 55 6 65
(b) B(T)
B. Threshold current for the cyclotron emission FIG. 4. (a) Dependence of the emission-peak intensity on the

The current| =50 uA, applied in the measurements for current in sampleE2 (the solid ling and sampleE3 (the broken
Figs. 2 and 3, corresponds Yo;p= Ryl =660 mV that is by line). The scale ofl ¢4, Shows the current for each Hall bar in
a factor of 66 larger thafiw./e=10mV. The CE is visible sampleE2. The inset showR,; vs B in sampleE2. (b) The emis-
down tol ~10uA, below which the measurements becomesion spectra in the sweep & in sampleE2 at different current
difficult due to the poor signal-to-noise ratio. To carry outlevels. The inset showk.,, dependence of the emission-peak in-

lower-current measurements, we study sanfewhere the ~ tensity.

total currentl ., through the sample is divided by 197 Hall

bars arranged in parallel. The current passing through each The cyclotron emission is studied at=2.00 B

Hall bar is thusl ¢ac= 101a/197. The two-terminal resistance =5.70T) by applyingBp=5.65T to the detector. The solid
Ro1=Rj,,1, 0f sampleE2 is depicted as a function @& in  line in Fig. 4a) shows the emission intensity as a function of
the inset of Fig. 4a). The center of thee=2 QHE state is current where the current is applied in square waves alternat-
located atB=5.7 T, whereR;, 1,=4 kQ) is close to the ex- ing between zero and given values. For the sake of compari-
pected quantized value (67/1%)=4.39K) with R, son with the data of a single Hall bar, the CE intensity in

=(h/e?)(1/2). We accordingly suggest thaf, dominates at sampleE3 at»=2.0 is shown together. We note that the line
r=2.0. shapes of the two curves are substantially different from each
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X

FIG. 5. Schematic representation of the arrangements for study
ing the spatial distribution of cyclotron emission. The radiation
emitted from sampl&3 is collimated by a Si lens and guided to the
detector. The sample is placed onf translation stage. See the
text for detail.

other. Namely V4 in sampleE2 decreases steeply with de-
creasing 5 below 200uA, and practically vanishes below
100 pA. This anomalous feature is not seenH3, which
consists of a single Hall bar.

Figure 4b) displays emission spectra in sami® at
several values of ..., below 1 uA. The intensity of CE
rapidly decreases ds,q,decreases from 0.8LA to 0.51
uA, below which the CE is no longer discernible. The inset

X S Drain
of Fig. 4(b) elucidates the dependence of the emission-peal AN @ ouree @

intensity on the current in the range beldw,=0.9uA. (b) v
The result strongly suggests the vanishing of CE below a
current aboutl.,=0.4uA. This critical current corre- FIG. 6. (@ The two-terminal resistancR,;=Ry414 and three-

sponds toVgp=riw/2e=5mV or Augp=riw /2, where terminal resistanc®; =Ry, 13as a function of magnetic field at
Apsp is the electrochemical potential difference between the=73#A in sample E3. (b) Spatial distribution of the cyclotron
source and drain contacts. This suggests that local nonequgmission atl =73 uA in sampleE3 for the four configurations of
librium distribution vanishes in the 2DEG fonugp the polarity ofB andl. lllustrations at the top show classical equi-
<hwd2, implying that Ps_,pect Pp_opes is zero for — Potential lines in a QHE device.

A psp<tfiw /2 but becomes finite fod ugp>fi w/2. Figure @b) shows the spatial distribution of the CE inten-
sity for four different configurations of the polarities 8f
C. Spatial distribution of the cyclotron emission andl, where the scan is made along the widthwise direction

. . . (Y) of the sample while the lengthwise positioX)( is

To specify the location of the CE, we apply the experi-ghified at a step of 60@m for each scan. Classical equipo-
mental setup illustrated in Fig. 5. Samiii@ is mounted on  tentjal lines along with the current entry and exit corners are
a mechanicaX-Y translation stage movable from the OUtSideschematically shown in the top panel of Figbp In each
of the cryostat. The radiation from the movable sample issonfiguration ofB and!, the CE is seen at both the current
collimated by a convex lens attached at the end of a fixe@ntry and exit corners. The fact that the locations change to
light pipe with a 1-mm¢ aperture. The radiation is guided to the other two diagonally opposite corners upon reversal of
a detector placed at the other end of the light pipe. The lenshe magnetic-field polarity assures that the observed profile
made of pure silicone crystal, is of a 1.2 mm focal length.of the CE is substantially independent of inhomogeneities of
The obtained spatial resolution is about 30@. the Hall-bar sample and is of intrinsic nature. Our experi-

Figure @a) displays the two-terminal resistand®;  ments thus demonstrate that the local nonequilibrium distri-
=Ry414and the three-terminal resistang,= Ry, 23against  bution is produced on the 2DEG side at both of the corners.
B in sampleE3 atl =73 uA, and shows the vanishing &;;  Noting that the CE intensity is comparable between the two
and the quntization ofRy=(h/e®)(1/2) at v=2 (B  corners, Ps spea~Pp_spec IS also suggested atl
=6.15T). The measurement of CE is carried outvat2 =73 uA. The cyclotron effective masses were confirmed to
(B=6.15T) withl =73 uA, whereBy, is adjusted to 6.10 T. be substantially equal to each other between the two corners.



12 542 Y. KAWANO, Y. HISANAGA, AND S. KOMIYAMA PRB 59

IV. DISCUSSION breakdown-induced heating is not a dominant mechanism at
| =73 uA [Fig. &0b)]. (We do not rule out the possibility that
We summarize our experimental results as follofWsCE  this mechanism is important fée>80 A, which is beyond
occurs in the condition wherB,,+Rc+Rp~0: This was the scope of this work.The strong electric fields at the cor-
directly confirmed for 1QtA<1<80uA, and is strongly ners of Hall bars may also induce Zener-type tunneling tran-
suggested to apply also to the lowerange.(ii) The CE is  sition of electrons to higher Landau levés* This effect is
visible until I is reduced to about 0.4A (Ausp="%w/2), related to the second mechanism described below.
below which the CE is no longer discernible. This strongly  The second mechanism, which we suppose to be relevant
suggests that dissipation in the 2DEGPs pec  to our experimental results, is directly related to the kinetics
+Pp_2peg, is absent forAusp<fiw /2 but sets in at of electron entry(exit) to (from) the 2DEG. van Son and
Ausp=h /2. (iil) At I=73uA, CE occurs in both of the  co-workers argued that nonequilibrium electrons are injected
current entry apd exit corner§WVe defer discussion of the fom the source contact wheb g exceedshw/2; viz.,
cyclotron effective mass to Sec. IV)CAlthough these con- p_ .~ Although this prediction is in accordance with
clusions are derived from samples of different geometry, W(faa part of our results, these authors do not expect the occur-

do not see a reason to suppose them to be geometry Speci ténce of nonequilibrium distribution at the drain-side corner;

and assume that they are intrinsic properties of Hall-bar con-.
ductors in the QHE ztate. prop Viz., Pp_speg=0. They suggested also thBl,+ Rsc be-

The occurrence of CE in the vicinities of the current entry?_zmeS ;‘lmtedcmn(;ldentally .\?ﬂth thi. Og.c urrer_:_cel;tg,'ZDEG.
and exit corners indicates that a significant population of ese two do not agree with our Tindings. 10 derive a con-

electrongholes is created there in the uppéower Landau sistent picture, We_devote the_ follqwing t_wo subsections to
level. This local nonequilibrium electron distribution may be rather comprehensive theoretical discussions of a model of a

most simply characterized by an effective electron temperaQHE Hall-bar conductor at finite currents. The occurrence of
ture T, that is higher than the lattice temperatdie. Noting ~ nhonequilibrium electron distribution on the 2DEG side at

the observed CE intensity together with the Cyc|0tr0n energtboth of the corners will be na.tura”y derived from the model.
fw.=10meV, we roughly estimatdT,=T.—T, to be We will show that all of our experimental findings are con-

about 10 K al =50-73uA. sistently interpreted in terms of our model.
Let us consider how electrons can be locally heated at the
corners of a Hall bar. Existing experiments indicate that
nearly all power,P,=Pyl?, is dissipated at the cornets. A. Model of current contacts
Therefore, no matter how and in which mechanism the
power is dissipated it must eventually work to locally heat up  Injection of nonequilibrium electrons from a source con-
the lattice and electron systems in the vicinity of these corfact was suggested qualitatively by Yoshihies al** A
ners (hot spotg, both on the contact and 2DEG sides. Themodel of current contact was discussed in a more quantita-
overall temperature rise at the hot spots, however, is estlive way by van Son and co-workets*who extended Bit-
mated in KlaBet al’s experiments to be as small @&T  iker's model of contactd? In the following we will elaborate
=10uK at 1=30uA (v=2),%> which may be far too small the model of QHE Hall-bar conductors at finite currents fol-
to account for the observed CE. Accordingly we need tdowing the original arguments of van Son and co-workers.
consider a specific mechanism for heating up of the 2DEG. Let us begin with =0. Figure 7a) schematically shows a
There are two possible mechanisms as discussed below. profile of the electrostatic potential enerdy,(r) for a
The first mechanism is related to strong electric fields abDEG sample including two current contacts when it is in
the c_orner§. Several authos® suggest that ;h? strong elec- the equilibrium state with=0. The 2DEG channel is char-
tric fields cause the QHE to break doWit" yielding hot  acterized by a flat interior region bounded by potential walls
electrons at the corners. However, experiments on the QHE; poh sides. The current contacts are supposed to be metal-
breakdown indicate that, in order for electrons to be appre$c, in which the Fermi energy and the density of states are

ciably heated, strong electric fields have to be distribute ar larger than those in the 2DEG. The regions of contacts

OVEr macroscopic length scales bgcgusg the process of heg}é characterized by deep potential wells. The contacts are
ing occurs as an avalanche multiplication of electron-hole

1819 " o ideal Ohmic ones, and there is no Schottky-type barrier be-
pairs:®~ The critical electric fieldE. and the necessary tween the 2DEG and the contactRandom potentials in the
length scalelL gz are shown to be abol-=20kV/m and . o P
Lg~100um atB=6T (v=2) for the 2DEG in the same contacts are |gqored for simplicijyAll the eIectror_1 states
crystal as the one used in this wdfk'® It follows that the are completely_fllled with electrons up to the Ferml_ lewel _
lowest Vsp value at which the QHE-breakdown-induced The electrons in the ZDEG Iaygr move allong equipotentials,
heating is expected to take place iE.Lg/2=1V Uy(r)=const, with a drift velocity proportional to the slope
~100hw./e (1~80uA), which is far larger than the ob- ©f & Landau level, and edge states are formed along the po-
served critical valu&/gp=fiw./2e (1=0.4uA) for the CE.  tential walls. In the quantum Hall regime with the indicated
Furthermore, if the QHE breakdown were relevant, we ex-olarity of magnetic field, electrons move from the left to the
pect that the CE in the source-sidelectron entry corner  fight along the upper edge states. As depicted in Fig), 8
should dominate because the heated electrons at the draiglectrons with the energies ofp—fiw/2<e<ep move
side (electron exit corner are rapidly absorbed by the drain along the upper edge states and enter the right-hand-side
contact and will not effectively contribute to the CE. This is contact. The electrons that have entered the contact yield
not consistent with our observation and suggests that thélissipationless magnetization current within the contact
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FIG. 8. Electron trajectories in the highest occupied Landau

© ST level, under three condition$a) A usp=0, (b) 0<Augp<fiw./2,

" and(c) hwJ2<Augp. Schematic representations of Landau levels

L7 on the cross sectioA-A’ in Fig. 7(c) are displayed in the left
column.

FIG. 7. () Schematic perspective view of the electrostatic po-
tential energyJy(r) for a 2DEG sample with current contacts when for the source contadiwith ug) and the upper edge states,
the net current is zerob) Schematic perspective view of the gnd takeAU(r)=— A ugp/2 for the drain contactwith wp)
change in the electrostatic potential(r) induced when the net 5nd the lower edge states. The zero screening length is as-
current | =v(e/h)Apsp is passed through the sample) Sche- g med in the contact and a finite one is assumed in the
matic perspective view of the highest occupied Landau level in th&hEG. The perspective view of the resultidr) is sche-
presence of the ne_t cgrrent. The bounda_rles between the conta(ﬁ?atica”y shown in Fig. (), where the slope of the Hall
and the 2DEG are indicated by the bold lines. potential is assumed to be a constant for simplicity. This

profile is similar to that suggested by Kaw#jiThe exact

and transferred to the lower corner of the contact, fromshape ofAU(r) inside the 2DEG is not important for the
which electrons leave the contact through the lower edgeiscussion.
states. The kinetics of electrons is equivalent in the left- The true trajectory of electrons is given by the equipoten-
hand-side current contact, and the global magnetization cutial lines of U(r)=Uy(r)+AU(r), which are not equal to
rent circulates around the entire region of the sample. the classical Hall current trajectories formed along the con-

When|#0, us and up differ from e, respectively, as tour lines ofAU(r).%> We should note that due to the differ-
ms=eptAusp/2 andup=er—Ausp/2. The contacts feed ence,Augp=us— up>0, a “potential barrier” develops in
all the outgoing states with electrons up to their respectiveéhe junction region to the source contact and a ‘“potential
electrochemical potentials, and absorb all the incidenfall” is formed in the junction region to the drain contact.
electrons’ The upper edge states and the lower edge statdsandau levels are formed approximately as(r)=(n
are, respectively, characterized by the electrochemical poten+ 1/2)% w.+U(r) in the 2DEG. We give in Fig.(€) a sche-
tials of ug andup . The electrostatic potentialy(r) willbe  matic perspective view of the highest occupied Landau level.
accordingly modified due to the development of Hall polar-The boundaries between the contacts and the 2DEG are in-
ization fields. LetU(r) be the modified potential. The dicated by the heavy solid lines in Fig(cJ. Deep inside the
change in the electrostatic potentialAU(r)=U(r) conductor away from both of the contacts, say, on the cross
—Up(r), can be assumed to be equal to the change in thsection ofA-A’ in Fig. 7(c), the Landau level will be filled
electrochemical potentialpu(y, inside the contacts and with electrons up taug andup , respectively, at the opposite
along the edge states, because the density of states thereeidges as schematically shown in the left column of Fig¢s). 8
sufficiently large”® We therefore takeAU(r)=+Ausy/2  and &c). Let us consider how trajectories along the equipo-
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tentials are fed by the contacts by noting the profile of the
Landau level shown in Fig.(@). Since all the trajectories
belowe = up are completely occupied, it suffices to consider
only the trajectories withe>u for considering the non-
equilibrium distribution. We thus pay attention to the
“Fermi-surface current’®® below.

WhenA ugp is smaller tharh w /2, the relevant trajecto-
ries (up<e<us) form edge states as shown in Figbg?®
The upper edge states along the cross sec@ig@’ in Fig.
7(c) are completely fed by the source contact while the lower
edge states along cross sectB®B’ in Fig. 7(c) are empty.
The electrons that move along the upper edge states are ab-
sorbed by the drain contact and release their excess energies
within the drain contact. Holes are created inside the source
contact at the lower corner and release their excess energiesFIG. 9. Schematic representations of Landau levels together
within the source contact. Dissipation accordingly takeswith the electrostatic potenti&l(r): (a) in the vicinity of the lower
place equally at these diagonally opposite corners within theornerB of the ug contact along the cross sectiBAB’ in Fig. 7(c)
contacts' Thus, no local nonequilibrium distribution of elec- and (b) in the vicinity of the lower corneC’ of the ug contact
trons is produced in the 2DEG aulissipation occurs totally along the cross sectid@-C’ in Fig. 7(c).
within the contactsviz, Ps=Pp and Ps_,pect Pp-2peG
=0 whenA pugp<fiw/2.

WhenA ugp exceedsiw /2, the relevant electron trajec-

(a)

(b)

that it leads to generation of nonequilibrium electron distri-
bution on the 2DEG side without yielding fini,, Rgc, or
tories (up<e<pug) are divided into two groups. The first Rpc, as we will discuss below. Figure(® schematically
group is of energies > us—# w./2 and consist of only edge shows Landau levels together with the electrostatic potential
states. The kinetics of electrons in these edge states are sintl{r) in the vicinity of the lower corneB of the ug contact
lar to those in the case df ugp<fiw /2 as shown in the along the cross sectidd-B’ in Fig. 7(c). Here, electrons are
upper panel of Fig. @), yielding dissipation only within the injected into the 2DEG only via tunneling. Because the tun-
contacts. The second group of trajectories is of energieBeling probability cannot be unity the highest occupied Lan-
up<e<us—hw./2 and consists of the lower edge states,dau level =1 level in the figurg is not completely filled
the states in the interior region, and the states along the pavith electrons, being left with certain unoccupied states
tential barrier and fall, as schematically shown in the lower(holes. At the same time, electrons will be injected through
panel of Fig. &). The lower edge states are empty becausdunneling to still higher Landau levels as illustrated in Fig.
&> up . Itis of decisive importance that the potential barrier 9(@). Thus local nonequilibrium electrorihioles are intro-
prevents the source contact from directly feeding these traduced in the vicinity of this corner, and will release their
jectories as originally pointed out by van Son andeéxcess energies via emissions of phonons and partly via CE;
co-workerst*2|t follows thatelectrons can be injected from Viz, Ps_,pec>0. Thus the experimental finding that CE ap-
the source contact only through tunnelinEhe electrons in- pears wheWgp=A ugp/e>hw./2e is explained’
jected through tunneling in the vicinity of this corner move  Figure 9b) schematically shows Landau levels along the
along the potential barrier, and travel toward the right fol-cross sectior€-C’ in Fig. 7(b) near the upper corne®’ of
lowing the trajectories in the interior region. The electronsthe drain contact. The physical situation at this electron exit
that have reached the potential falbve along the potential corner is different from that of the electron entry corner be-
fall until they are finally absorbed by the drain contact at thecause the exit of electrons to the drain contact is not dis-
upper corner. turbed by any potential barrier. It is important, however, that
The electrons with energigsy,<e<us—fw /2 thus en-  the higher empty Landau levels come close to the completely
ter the 2DEG layer at the lower left corner and leave theoccupied Landau leveln(=1) due to the gradient of the
2DEG layer at the upper right corner. From the kinetics ofpotential fall. It follows that electrons will tunnel from the
electrons discussed in the above fogy>%w/2 we can occupied Landau leveln=1) to the higher empty Landau
expect nonequilibrium electron distribution to occur on thelevels leaving holes in the lower leveh€1) and creating
2DEG side of both corners as discussed in the next subseexcited electrons in the higher levelsa>1). Thus local
tion. nonequilibrium distribution is expected to occur also in the
vicinity of this electron exit corner; vizZPp _,pec>0.2 The
experimentally observed CE at the drain-side corner is thus

B. Generation of nonequilibrium electron distribution explained.

Under the conditiom ugp<fiw /2, no dissipation takes

Based on this model, and following the scheme described

place in the 2DEG as discussed in the above. This accountd Ref. 4, we can derive Ps_ppec=(v/2n0){Augp

for the absence of CE fok ugp<fiw /2 in the present ex-
periments.

Under the conditiom ugp>% w /2 the electron trajecto-
ries with up<e<ug include states in the interior region.
The entry(exit) of electrons into(out of) these bulk states
can be affected by the potential barrigall) in such a way

—(ﬁa)c/Z)z} and PD_ZDEG:(V/Zh)(A,LLSD_h(J)C/Z)Z, re-
spectively, for the amplitude of dissipation at the electron
entry and exit corners forAus>hw /2. Note that for
Augp>hw /2 the sumPs_»pest Pp—2peg Nearly amounts
to the total power, ¥/h) A u3,=Vspl =Ry!2, andPs_,peg
andPp_,peg are nearly equal to each other. The former is in
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accordance with the experimental fact that the energy corenergetic electrons are rapidly cooled dom T,~10K),
version efficiency of the CE for th|* term is on the same pefore contributing to the CE, via the emission of optical
order as that for thRXXIZ term atl =50uA. The latter may  phonons fwp=37meV) and the cyclotron phonon
account for the experimental finding that the intensities ofemissiont®
the CE from the electron entry and exit corners are compa-
rable to each other fdr=73uA [Fig. &b)]. V. CONCLUSION

Finally, let us consider why the two-terminal resistance
can remain quantized despite the substantial dissipation in Experimental evidence has shown that CE occurs in QHE
the 2DEG. First, on the side of the source contact, if theHall bars B~6 T, »=2) under the conditiorR,,+ Rsc
region of nonequilibrium distribution of electrons would ex- + Rpc~0 atl =10-80uA. The effective electron tempera-
tend to reach the upper corner of the conf&adt. 8c)], the ture T, relevant to the CE fot =50—73uA is roughly esti-
electrons in the upper edge states would be involved in thenated to be 10 K. The CE is observed only in the range
equilibration. The electrochemical potential of the upperVsp>fw/2e=5mV (I>0.4uA) but is not observed in the
edge states would then be lowered belpwy, yielding a  lower rangeVgp<fiw./2e (1<0.4uA). This strongly sug-
finite R,, or Rgc. Our experimentgFig. 6), however, show gests that forVsp<#fiw /2e local nonequilibrium electron
that the region of CE does not reach the other corner of thdistribution is absent in the 2DEG and dissipations occur
s contact. Therefore, it is highly probable that the electrondotally within the contacts; vizPs_,pegt Pp-2pec=0 and
have been almost completely equilibrated at the upper cornghat forVgp># w/2e nonequilibrium electron distribution is
of the ug contact[Fig. 8c)]. Under this condition, no scat- produced to cause dissipation in the 2DEG; VRg ,peg
tering takes place for the electrons in the upper edge statesPp_,pec>0. Spatially resolved measurements &t
and the electrochemical potentjaf of the upper edge states =73 A have revealed that the CE with comparable inten-
is kept unchanged. Therefore, the energy dissipation on th&ties occurs at both the current entry and exit corners, sug-
2DEG side of the electron entry corner yields neither a finitegesting thaPs_,pee~ Pp_2pegat! =73 1 A. The cyclotron
R«x Nor Rsc. Second, on the side of the drain contact, theeffective massmg = (0.069+0.0007)n,, determined from
region of inter-Landau-level tunneling will spread to a cer-the CE spectra for LA<I<80uA, indicates that only the
tain extent along the potential fall. However, this region islowest excited Landau level is relevant to the CE=(2
not expected to reach the lower corner of the drain contact at;1). This is consistent with the estimation Bf~ 10 K.
any occasion because the spatial separation caused by thelt is suggested that the QHE-breakdown-induced electron
fully occupied bulk states lying belowp will prevent the  heating at the corners of a Hall conductor is not an appropri-
nonequilibrium electrons from being scattered to the lowerate explanation of the CE observed in the present experi-
edge state$Fig. 8(c)]: This is consistent with the observed ments. We have proposed a theoretical model of current con-
profile of CE[Fig. 6(b)]. This implies that all the nonequi- tacts and discussed in detail electron kinetics at the current
librium electrons enter th@, contact without being back- entry and exit corners. This model suggests that a fWig
scattered and the electrochemical potential along the lowentrinsically leads to formation of a potential barrier and a
edge states is kept unchangeduat. Hence the energy dis- potential fall, respectively, at the electron entry and exit cor-
sipation on the 2DEG of the electron exit corner also yieldsners. ForVqp<#iw./2e, only edge states are relevant to the
neither finiteR,, nor Rpc. The two-terminal resistanc®;  conductior’® The entry(exit) of electrons into(out of) the
=Ry+ Ryt Rsct Rpe, in the QHE state is thus quantized edge states is not disturbed by the potential barrier or fall.
to Ry despite the dissipation in the 2DEG at the current entryAccordingly local nonequilibrium distribution is absent in

and exit corners. the 2DEG and all dissipations occur within the contacts; viz.,
Ps opect Po-2pec=0. For Vgp>fiw/2e, not only edge
C. Cyclotron effective mass states but also bulk states in the interior region contribute to

) N ) the conduction. The entriexit) of electrons intdout of) the

The cyclotron effective massi; derived from the ob- i states is affected by the potential barrier and fall, lead-
served cyclotron emission is (0.069.0007)n, both in the ing to generation of nonequilibrium electron distribution on
corners of the source and drain contacts. Additional experigne 2DEG side of the respective corners. Thus dissipation
ments show that then? does not change appreciably with  5ccurs in the 2DEG: Viz.Ps_speat Ppo_2pec>0 for Vgp
in the range from 1uA to 80 wA. The m{ value brings > /2e. Itis suggested also that the fraction of dissipation
information about an average energy of relevant nonequilibpn the 2DEG side increases to cover nearly the total power
rium electrons because is affected by the conduction- dissipation,Ps_,pect Pp—20ec~ RH|2, and the dissipation
band nonparabolicitf® In the present experiments with is nearly symmetric between the two corneRs_,pec
fho.=10meV, the expectedm; values are such that ~Pp_,peg, for Vop>fiwc/2. All these predictions are in
0.0690n, (n=2—1), 0.0718n, (n=3—2), and 0.0746h,  good agreement with the experimental findings summarized
(n=4—3) for the respective Landau level transitions. Thein the above.
observed emission spectra are sharp endigd. 2(c)] to The vanishing oR,,+ Rgct+ Rpc, or the quantization of
resolve these transitions if they coexist, but we observe onlyR,,, is suggested in the model to be equivalent to the re-
one emission line corresponding to the transitton2—1.  quirement that the regions of the nonequilibrium distribution,
This is consistent with our estimate of the effective electrorprimarily created at the electron entry and exit corners, do
temperature, T,~10K. Nonequilibrium electrons must be not extend over the full width of the boundary between the
excited in higher Landau levels of the indexes reaching 2DEG and the contacts. The profile of the CE studied at
=60-100 at =50—80uA. However, we suppose that these =73 A indicates that this condition is satisfied, being con-
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