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Breakdown of the quantized Hall effect in the vicinity of current contacts
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Spatial distribution of the cyclotron radiation emitted from nonequilibrium electrons is studied on 1.5
mm-wide Hall bars in the quantized Hall effe@HE) regime. At low-current levels where the two terminal
resistance is quantized, the cyclotron emisgiOE) is observed at the electron entry and exit corners formed
between the metallic current contacts and the two-dimensional electro2D&S5) layer. As the current
increases, additional CE occurs in the vicinity of the corner of the source contact that is opposite to the electron
entry corner. The additional CE is accompanied by a finite voltage drop. The region over which the finite
voltage drop takes place is localized to the limited region adjacent to the source contact where the CE is
observed, and shows that the QHE breaks down locally in the vicinity of the source contact before the
breakdown develops in the entire 2DEG channel. Studies of device-width dependence reveal that this local
breakdown of the QHE in the vicinity of the source contact takes place only in sufficiently wide Ha(ltrs
a width well larger than 20Q.m). All the experimentally observed features are reasonably interpreted by
assuming that electron-hole pairs are generated in cascading process due to strong polarization fields formed
along the interface between the metallic source contact and the 2DEG.

[. INTRODUCTION experiment of van Son and coworkérfinite voltage drop

The dissipationless state of two-dimensional electron gasccurs only in the vicinity of th€electron-injecting source
(2DEG systems in the regime of quantized Hall effectscontact but not in the vicinity of the drain contact. The au-
(QHE) breaks down as the current passing through a devicthors suggested that nonequilibrium electrons are generated
exceeds a critical valuk? Experimentally the breakdown in the close vicinity of the source contact due to tunneling
phenomenon has been extensively studied on Hall bar$pjection into the 2DEG and it causes a finite voltage drop
which have current contacts at which electrons enter anthere. However, our recent experiments studying cyclotron
leave the 2DEG. Most of the experiments studied the fourradiation in wide GaAs Hall bars have revealed that although
terminal resistance, yielding experimental results similar tsmonequilibrium electrons are indeed injected from the source
those obtained on Corbino discs without current contatfs. contact they do not lead to finite voltage drop in the Hall bar
This indicates that the presence of current contacts in a Halind that nonequilibrium electrons are generated also in the
bar does not play an essential role for the breakdown in aicinity of the drain contac?. Thus, the mechanism of finite
region sufficiently far away from the current conta¢és a  voltage drop reported in the earlier experiments are left to be
distance of more than a few hundred micrometdtss also  clarified, and its relationship to the local breakdown expected
indicated that the breakdown occurs when the Hall electrién the vicinity of current contacts, as suggested in the last
field averaged in the 2DEG channel exceeds a critical valugaragraph, is unclear.

Apart from the QHE breakdown in the 2DEG channel In general, breakdown phenomenon is accompanied by
mentioned in the above, a particular feature is expected igeneration of nonequilibrium electrons. Conventional mea-
the close vicinity of metallic current contacts. When a finite surements of IV characteristics alone provide only a limited
voltage is applied to a QHE Hall bar, strong polarizationinformation about the spatial distribution of the nonequilib-
fields are expected to develop at the interface between théum electrons. In contrast, cyclotron radiation associated
metallic current contacts and the 2DEG layeFhe maxi-  with the inter-Landau-level electron transition provides us
mum amplitude of the fieldE qnact: May be roughly esti-  with an experimental tool for directly probing the nonequi-
mated asV/sp/\, whereVgp is the source-drain voltage and librium electrons. In this paper, we carry out spatially re-
\ is the screening length of the 2DEG. The polarizationsolved measurements of cyclotron emissi@f) from wide
fields along the contact boundaries are typically much largeGaAs Hall bars along with the standard IV characteristic
than the average Hall electric field in the chani&l, nner  Measurements.
=Vgp/W, whereW is the width of the device. As the current ~ We find that CE occurs in a region adjacent to the source
increases, therefore, the breakdown of the QHE may initiateontact when the current reaches a threshold value much
in the boundary regions of current contacts. smaller than the critical value for the QHE breakdown in the

Very little is yet clarified experimentally about what in- entire 2DEG channel. Coincidentally to this CE, finite volt-
deed happens in the close vicinity of current contacts witrage drop emerges in the relevant region, indicating that the
increasing the current. Resistance measurements are madelogal breakdown of the QHE takes place as expected in the
wide GaAs Hall basas well as on relatively wide silicon above. The local breakdown, however, does not take place in
metal-oxide-semiconductdBi-MOS) Hall bars’ In both ex-  the vicinity of the drain contact. We also find that the local
periments finite voltage drop is reported to take place abreakdown near the source contact occurs only in sufficiently
lower currents in a region close to the current contacts. In thevide Hall bars (W>200 um). We will interpret these ex-
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FIG. 1. The two-terminal resistand®,; =R, 4 and the three-
terminal resistanc®3=Ry4,4 @as a function of magnetic field at
1.4=73 nA. The inset illustrates the sample.
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perimentally observed features in terms of the bootstrap-type
electron heating*®* (BSEH) induced by strong polarization V. s,
fields distributed along the boundary of current contacts. ‘ : : :
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II. EXPERIMENTAL METHODS )

The sample is a 3mm-long and 1.5 mm-wide Hall-bar as _ F'C- 2. (3 The spatial distribution of CE dt,= +73 uA (left
depicted in the inset of Fig. 1, which is fabricated on aPane and atly,=+210uA (right pane] for +B. Black shadings
. mark the electron entry and exit cornefls) VoltagesV,s, Va4, and
GaAs/ALGa,_(As heterostructure crystal with a 4.2 K mo- V14— h/2e? versus current,,. Two arrows mark the two current
i 2 ; 14 14-
bility of 80 m“/Vs and a 4.2 K-electron density of 2.6 values, at which the CE’s ife) are studied
X 10'%/m?. The CE is studied by using a high-sensitive ' '
photoconductive detector based on the cyclotron resonance
of a high-mobility 2DEG in GaAs/AlGa_,As field B atly,=+73 uA, and demonstrates the quantization
heterostructure¥:*® The detector is fabricated on the sameof Ry, 1,=h/2e? and the vanishing oRy4 ., in the QHE
GaAs/AlLGa, _,As heterostructure crystal as that used forstates ofv=2(B~6 T) andv=4(B~3 T).
the sample. The spectral response of the detector has beenCE is studied in the QHE state of=2(B=6.05 T). The
studied by using a Fourier transform spectrometer, andnagnetic field for the detector is fixed B =5.99 T. Figure
shown to be due to sharp cyclotron resonance of the 2DE@(a) displays the spatial distribution of CE intensity for the
with a full width at half maximum of about 1.5 cm in the  two different currents),=+73 uA and +210 uA. The
range of magnetic fields studied. The relationship betweespatial resolution of the measurement system is about 0.3
the detected wavelength and the applied magnetic fields imm. The data are taken by moving the sample along the
determined through the Fourier transform spectroscopy.  width-wise direction ), while the position in the length-
The experimental setup and the measurement method avase direction(X) is shifted at a step of 0.6 mm for each
similar to those applied in our previous wdtkthe sample  emission line. The spectrum of emission will be described in
and the detector are separated at a distance of about 29 c®ec. IlID. The left panel of Fig.(@) is for | ;,= +73 uA and
and placed, respectively, at the centers of two superconducshows that the region of CE is restricted to the vicinity of the
ing solenoids installed in a liquid Helium cryostat. The current entry and exit corners of the Hall bar as marked by
sample is excited with low-frequency square waves of curblack shadings. These emissions occur without causing a
rent (20 Hz), alternating between zero and a defined valueJongitudinal resistance or an excess contact resistance as seen
and the modulation signals are detected with a lock-in amfrom the vanishing oRy4 ,,and the quantization dRy4 14in
plifier. For spatially resolved measurements of CE, theFig. 1. In our previous work, we have found that these emis-
sample is moved by using a mechani¢alY translation sions are observable even at much lower currents, and inter-
stage. The far infrared radiation is collected by a convex lengreted them as arising from the local nonequilibrium popu-
and guided to the detector through a light pipe. Below welation of electrons intrinsically induced by the strong
denote byR;; , the resistance/,/l;; obtained when the polarization fields concentrated at these electron entry and
voltageV,, is measured between contaktand| where the  exit corner$
currentl; is transmitted from contaétto contacy. Through- As the current increases above 108, an additional re-
out this paper, the polarity of current is defined as positivegion of CE develops only on the side of tHelectron-
when the electrons enter the 2DEG from contact 4 and leavimjecting) source contact as shown fby,= +210 A in the
for contact 1. All the measurements are carried out at 4.2 Kright panel of Fig. 2a). (Compared to the data in the left
panel, the curves are drawn with a reduced scale by a factor
1. EXPERIMENTAL RESULTS 1/5) Differently from the CE occurring at smaller currents,
this additional CE gives rise to a finite longitudinal resis-
tance. The voltage¥s,,V,3, andVy, are displayed against
Figure 1 illustrates the two-terminal resistariRg, ;4and 114 in Fig. 2(b), whereVy, is represented by the difference
the three-terminal resistan€®, ,,as a function of magnetic from the quantized valud/4,— (h/2e?)1 1.

A. Cyclotron emission
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FIG. 3. (a) The spatial distribution of CE at,= —210 A (left ) ) o
pane) and atl ;,= +210 uA (right pane) for —B. Black shadings FIG. 4. (a) Intensity profile of the cyclotron emission along the

mark the electron entry and exit cornefis) VoltageV,,,V,;, and ~ boundaries aX=0 mm (left pane) and X=0.6 mm (right pane}
V14— h/2e? versus current,,. Two arrows mark the two current for +B. The dotted lines, marking the positions ¥#=0 mm and
values| 14=— 210,L.LA and| 1=+ 210[.LA, at which the CE'’s |r(a) 1.5 mm, indicate the width of the Hall ba!l’b) The upper panel
are studied. displaysV,3 andVg, againstl 14. The lower panel shows the inten-

sity of CE againsl 4 at two positions X,Y)=(0,0) and (0.25,0).

Let us first pay attention to the behavior of these voltaged "€ Polarity ofB is positive.

for the positive polarity of currents. The two arrows in Fig.

2(b) mark the two current values, at which the CE'’s for Fig. opposite corner, (0,0)Compare the corresponding profile at
2(a) are studied. We note that both, andV,; become finite  the drain contact shown in the left panel of Figa)2 The
andV,, deviates from the quantized value whigp exceeds systematical difference is noted between the source and the
about +100 nA. The voltage drop takes place primarily drain contacts in the opposite polarities of currents and mag-
along the sample boundary between contacts 4 and 3, arktic field§]. This suggests that the region of nonequilibrium
also occurs along the boundary between contacts 3 and glectron distribution expands along the boundary of the
We find that the equalit/ps+Va4=V14— (h/2€°)114 holds  source contact towards the cornéd,0), already at the cur-
accurately in the range of larger curremig>+100 uA.*®  yent of 73 A, and that the prominent peak of CE rapidly
Therefore, voltage drofexcept the quantized Hall volta)g]e_ develops at the cornef0,0), when the region reaches there.
does not take place between contacts 2 and 1. Thus, it ipege features will be reasonably interpreted in Sec. IV.

suggested that the region of the finite voltage drop agrees The right panel of Fig. @) displays the profile along the

with that of the additional CE. The features of the CE along; - _
with the IV-characteristics described in the above chang I|rr]1e crossing the 2DEG layer &=600.m, and shows that

. . “hangeg, o region of the additional CE extends along the boundary
systematically upon reversal of the polarity of magnetic f|eldOf the 2DEG,Y=0 wm.

(—B) as shown in Figs. @ and 3b), indicating that these The lower panel of Fig. &) shows the CE intensity as a

features are intrinsic to the Hall bar. . .
function of +1,, at corner(0,0) and at position{0.25 mm,0,

Striking correlation between the additional CE and the ) / ,
voltage distribution in the vicinity of source contact is clari- & Which the probe arm of contact 3 is attached. The CE's at

fied in a more straightforward manner in Figéaand 4b). these positions_ correlate, respectivel;_/, with the curveg,of
The development of the CE with increasihg for the posi- ~ andV3 shown in the upper panel of Fig(), where the data
tive polarity of magnetic field is elucidated in Figa} Here ~ Of Fig. 2(b) are replotted. Namely, the CE at the corner of
the left panel displays the profile of the CE intensity along(0,0) occurs at about,,=+100 A and it coincides with
the boundary between contact 4 and the 2DEG layer0 the occurrence of finite voltage drop Vy,, and the CE at
mm, and shows that the CE rapidly develops to form arthe position of contact 3, (0.25m@), occurs at about,
additional prominent peak at the cornek,{)=(0,0), op- =+120uA and it coincides with the occurrence of voltage
posite to the electron-entry corne,(Y)=(0,1.5 mm. We  V,3. The coincidence definitely indicates that the region of
note that, as a whole, the CE peak that was presdiit 4t5  the additional CE along the boundary of the 2DEG layer is
mm) already with lower currents does not exhibit peculiaridentical to the region of the finite voltage drop and that the
dependence om,, except that the intensity smoothly in- region expands along the boundaryl asincreases. We note
creases with;,. However, we can also note that the profile that the relevant boundary is the higher-energy effge

of the CE at 73uA has a weak longer tail towards the electrong of the Hall bar.



2934 Y. KAWANO AND S. KOMIYAMA PRB 61

accompanied by a longitudinal voltage drop along the rel-
evant boundary. The region of the finite voltage drop is iden-
tical to the region where the additional CE occurs as sche-
matically described in Fig. (). Along the lower-energy
boundary,D, — S, , the region of the finite voltage drop is
localized in the close vicinity of corne®, as indicated also

in Fig. 5b). On the side of the drain contact, neither addi-
tional CE nor anomalous voltage drop appears.

The critical current ,= 100 pA, at which the finite vol-
atge drop emerges in the region adjacent to the source con-
tact, is much smaller than the critical current expected for the
QHE breakdown in the entire 2DEG channel of this wide
Hall bar, | =480 xA.X° This local breakdown phenomenon

€ (h/ze)l should be distinguished from another type of the QHE break-
down reported by Balaban and coworkétsn the latter, the
S -Dy | Ly critical current increases sublinearly with the device width

but the breakdown phenomenon occurs in the 2DEG region
well away from the current contacts.

(b) B. Device-width dependence

FIG. 5. (@) Schematic representation of the sample along with The occurrence of the additional CE and the relevant volt-
the regions of CE observed bt 100 wA. The arrows indicate the age drop are tightly linked to each other. Therefore, we may
direction of electron propagatiorib) Schematic representation of investigate the voltage drop instead of probing the CE.
the electrochemical potential along the boundafigs- (D) and  Asymmetric IV characteristics similar to those described in
(S.) — Dy in the condition illustrated irfa). the above have been reported on GaAs Hall basswell as

on Si-MOS Hall bars. The characteristics are therefore sup-

Let us consider the lower-energy edge of the Hall bar foPosed to be general for QHE Hall bars. However, it is im-
completeness of discussion. For this sake, we pay attentigpPrtant to note that all the Hall bars used in these works
to the negative polarity of current in Fig(l8, where contact (including the present wojkare relatively large, with a de-

1 serves as the source of electrons. The boundary of the Halice width larger than about 20@m. To our knowledge, the
bar on which voltage probes 3 and 4 are attached corredsymmetric IV characteristics as described in the above have
sponds now to the lower-energy edge. Differently from thenever been reported on the devices of a width smaller than
case of positive currents, the voltages; and V3, remain 100 um. To specifically examine the device-width depen-
vanishing in the entire range, yielding highly asymmetricdence, we have fabricated differently wide Hall bars on the
IV-characteristics about;,=0. In contrast,V,, shows, of same GaAs/AlGa ,As heterostructure crystal as that used
course, the anti-symmetric IV-characteristics abbyt=0.  in the present experiments, and studied the three terminal
This indicates that the excess longitudinal voltage that causégsistance. Figure 6 compares the curved/gf versusl 14

V14 to deviate fromh/2e? is restricted to the region between studied in the Hall bars oiW=1500, 180, and 2um at
contacts 2 and 1 for the negative polarity of current. We alsd’= 2.

mention that this voltage drop must occur coincidentally Note thatV,, with the given polarity of magnetic field
with the voltage drop along the higher-energy edgetween  probes the voltage drop at the source contact for the positive
contacts 4 and)3 Note also that the feature changes systempolarity of current, and that at the drain contact for the nega-
atically upon reversal of the polarity of magnetic figig. tive polarity of current. In all the devices, the two-terminal
3(b)]. voltage V4 is confirmed to show a regular antisymmetric

Figures %a) and §b) summarize the findings obtained in behavior about,,=0. Itis clearly noted that the asymmetric
the above. At low currents below 78A, the CE is visible feature of theV,, versusly, curve is remarkable in the de-
only in the vicinity of the electron entry and exit corners, vice of W=1500 um but is much weaker in the device of
marked, respectively, b$, andDy, in the Hall bar schemati- W=180 um. In the narrowest device dV=2 um, the
cally shown in Fig. %a). Except the Hall voltage, no appre- asymmetry vanishes completely. Although we do not show
ciable voltage drop occurs along the boundaries of thédere, we have separately measuvgd andV;, in the oppo-
2DEG. Namely, the electrochemical potentials along thesite polarity of magnetic field, and confirmed that the asym-
higher-energy boundang,—(Dy) and the lower-energy metry of the IV characteristics is caused by the voltage drop
boundary D, —(S,) are constants and are, respectively,in the vicinity of the source contact as described already, and
equal to the those of the source and drain contacgsand  that the anomalous voltage drop relevant to the source con-
up . As the current increases to exceed about 4@Q the  tact vanishes as the device width decreases. We note again
additional CE appears at the corr&r opposite to the elec- that this W dependence is different from the sublineaf
tron entry cornerS, , and expands along the higher-energydependence of the critical current for the QHE breakddvn.
boundaryS,, — Dy with further increasing the current, while
the CE’s at cornersS, and Dy survive without showing
significant change in their profile. The occurrence of the ad- When current is passed through a Hall bar, the electric
ditional CE at cornesy and along the boundai§;—Dy is  power of V| =(Vy+V,)I is fed to the sample, whehé,, is

C. Efficiency of energy conversion to the CE
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0.3 T T This feature is kept unchanged when the current increases to
0o ] 200 pA. The spectrum of additional CE, which appears at
= = s cornerS,, as the current exceeds about 108, corresponds
3 o1r . ] also to the same cyclotron mass value and does not shift
0 appreciably with further increasing the current as seen in the
- W=1.5mm 4 bottom panel of Fig. 6. With increasing the current to 550
0 +200 MA, only the spectrum at cornddy shifts to a higher B
. ] position(or a larger value ofn¥) by about 1% as seen in the
. middle panel of Fig. 6.
4 The value ofm? associated with the transition between
the lowest two bulk Landau levelsvE2—v=1) is ex-
ool / W=180 xm pected to bem?=(0.069+0.0003)m, for this 2DEG
_40 A L system'® The conduction band nonparabolicity of GaAs pre-

200 -100 0 +100  +200 dictsmy to increase byAmy/mg =3.6% and 7.2%, respec-

40 . . . . tively, for the higher-level transitions=3—2 and 4—-3.1°
ool g ®B ] If such higher-level transitions are involved in the present
Z == . experiments, they would be resolved as additional shoulders
= Or i in the line shape. This makes us to conclude that only the
=20 + / W=2um - lowest transition,y=2—1, is relevant in all the CE’s ob-

a0k 1 , , 1 ] served. This suggests that the “effective electron tempera-

-6 -4 -2 0 +2 +4 46 tureTg, of the relevant nonequilibrium electron distribution is
L (A much less than the Landau level energy spactng,. We

have expected,~10-15 K for the CE’s at cornetS, and
Dy, .8 This also applies to the additional CE at corSgras
will be discussed later.

The value ofm? may be also affected if the electrostatic
potential in the region of the CE is distorted to yield a second

FIG. 6. Three-terminal voltagé,, as a function of current;, in
three differently-wide Hall bars.

the two-terminal voltagey, = (h/2e?)1 is the quantized Hall
voltage and/, is the excess voltage drop in the Hall bar. The® ™~ " PN % w12 an
CE at cornersS, and Dy originates from the Hall voltage derivative, U"(x); viz., Amg/mg ={1+(U" wgm;)} 12
term, V41, while the additional CE at comnes,, and along 1+ The observed increase of; for the CE at comneDy
the adjacent boundar§,,— D, arises from the longitudinal with increasing _the current to_ 55(5)A mlght sugg_est that t_he
voltage termV, . Therefore, we can define the efficiency of S€cond derivative of potential)”(x), is negative and its
energy conversion into the respective CE’s by dividing theamphtug:ie increases with increasing the current at this corner.
integrated CE intensities by,,l andV,, respectively. The This is in qual|ltat|ve agreement with the expected feature of
conversion efficiency for the CE’s at cornef§, and Dy, the electrostatic potential at this corner.
has been estimated to be on the order of®18t1 =100 uA.®
We note in the right panel of Fig.(® that the integrated
intensity of the CE at corneB, and along the adjacent
boundaryS,—D, is roughly two times larger than that of Before discussing the mechanism of the local breakdown
the CE’s at corner§, andDy . We also note in Fig. ®) of the QHE we need to briefly review the mechanism of the
that V,=V,,— (h/2e?)| is smaller thanVv,,=(h/2e?)] by a  CE’s occuring with smaller currents at corn&sandD,, .2
factor about 4.5 at=210 pA. Hence, we estimate the effi- On application of a finite source drain voltaggp, a strong
ciency of energy conversion for the additional CE to bepolarization field develops at the electron entry and exit cor-
about ten times larger than that for the CE’s at corrigrs ners,S,. andDy . The amplitude of the field, being roughly
andDy at1 =210 pA. This marked difference suggests dif- estimated byE.,niace=Vsp/N, reaches as large as 100
ference in the mechanism between these CE’s. kV/m~1000 kV/m atl=10 pA if we assumex=0.1~1
pum. At relatively low currents, therefore, the plarization
fields at cornersS, and Dy are already strong enough to
cause tunneling of electrons between the electron reservoirs
The spectrum of CE has been studied separately for th@n the contactsand Landau levelgin the 2DEQ and be-
regions ofS, ,Dy, andS,,. The three panels of Fig. 7 dis- tween Landau levels. As discussed eafliéhese tunnelling
play, respectively, the spectra at corngysDy; andSy, from  processes lead to generation of nonequilibrium electrons and
the top for the currents of 200 and 5pA. In each panel, the CE’s at these corners. Importantly, however, these cor-
the CE intenSity measured with the detector in a fixed magnerS,SL andDH , are Spat|a||y Separated, respective|y, from
netic field OfBD: 5.99 T is shown as a function of magnetiC the CornerSsH andDL, through which electrons are respec-
field B. The amplitude of each CE line is normalized for t|Ve|y supp“ed into the edge states. According|y, the non-
clarity. At currents lower than 8@ A, values of the cyclo-  equilibrium electron distributions at these corners do not
tron effective massn; corresponding to the CE is substan- affect the population of edge states, and finite longitudinal
tially the same between corne® andDy and is given by voltage drop does not take place anywhere in the Hall bar
m% = (0.069+0.0007)m, with the free electron mass,, as  (except the Hall voltage despite these nonequilibrium
we have reported in our previous work on the same safhpleelectrons.

IV. DISCUSSION AND INTERPRETATION

D. Cyclotron effective mass
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We now discuss the CE in the vicinity of corngg and  lengthL, say 100um, along the boundary in the vicinity of
consider the mechanism of the local breakdown of the QHEgqgners . It is important that the average field reaches the
In order to achieve satisfactory understanding, we need tgeshold valueE, for the BSEH already before Echannel

clarify not only the mechanism but also the reason why it iSio5che . The inter-Landau-leveldirech excitation in this

absent on the side of drain contact and why it is totally ab'region remains unimportant. As the current increases, the

sent in less-wide Hall bars. For this purpose, let us first note_~. . i
that, if the longitudinal resistivity is vanishing in the 2DEG, ereglo_n of the boundary along which the average f'eld. exceeds
E. will expand towards cornef,. Hence, generation of

strong polarization field should develop not only at the cor- ) . . ; . X
gp P y electron-hole pairs will take place in this region, which

ners but also along the bounda& —S, (or D, —Dy), . . .
Where the field is egpected o dec?éaserrf)m ccl)-EiﬂéDH:) yields CE along the boundary that expands its region towards
cornerSy . However, the polarization fields can be highly

towardsS, (D). Consider first the kinetics of electrons on ; S Co e ; R
the side of source contact. Most of the electrons, except thodk the longitudinal resistivity is strictly vanishinglong the
entering the edge states from coriSy, enter the 2DEG at boundary: Itis expected that the fieltexcept at corne§, )
cornerS, , and move along the boundar§, — Sy, towards ~ are significantly reduced as the longitudinal resistivity in-
the opposite cornes,, .2%%! One might readily expect that creases. Thus, if the longitudinal resistivity is vanishing, the
the strong polarization fields distributed along the boundarycascading multiplication of electron-hole pairs may develop,
S, —S,, cause the QHE to break down and generate nonbut if the cascade develops the polarization fields will be
equilibrium electrons along the boundary. This idea is nothereby strongly suppressed. Hence, we may assume that the
sufficient by itself for the following reasons. First, the CE polarization fields in the relevant region adjust themselves to
does not develop remarkably at corfgrwith increasing the be nearly equal tdE.. It follows that the generation of
current although the polarization field is strongest there: Thelectron-hole pairs may be suppressed to a minimal level,
additional strongest CE is visible in the vicinity 8f;, where leading to only a weak CE along bounda®y—Sy. This
the polarization field is lowest along the bounda§,  explains the presence of a weak tail of the CE observed at 73
—S, . Second, it is expected that equally strong polarizationuA shown in the left panels of Figs(@ and 4a). Further-
fields are distributed along the bounddBy —Dy but the more, the generated electon-hole pairs do not yield finite
corresponding CE is not observed experimentally. Third, thezoltage drop unless the relevant region reaches c@npéor
device-width dependence of the local breakdown is not exthe reason already mentioned in the above.
plained. With increasing the current further, the region whére
The characteristics of the QHE breakdown found for long~ E. will eventually reach corne$, . At this point, the cas-
Hall bars%1322give important hints for understanding the cading generation of electron-hole pairs becomes possible
local breakdown phenomenon. The most important feature iever the entire boundang_—Sy. The polarization fields
that the QHE breaks down at a critical electric fi#ld(5  distributed along the boundary adjust themselves similarly as
— 30 kV/m) that is much lower than the field value necessaryin the above, but the self-consistent fi¢aeraged over the
for causing significant excitation of electrons to higher Lan-boundary can now increase abovE. as the current in-
dau levels through Zener-type tunneffigThe breakdown creases beyond this critical value. It follows that the signifi-
phenomenon occurs as an avalanche multiplication of exeant population of electron-hole pairs can build up at the
cited electron-hole pairs during the drift of electrons alongterminal of the cascade, that is, at corrgy. Above this
the Hall current, referred to as the BSEH The cascade critical current, therefore, strong CE starts to develop at cor-
excitation of electron-hole pairs is a relatively slow processner S;;. Coincidentally, finite voltage drop emerges in the
Therefore, in order for the longitudinal resistivity to appre- relevant region, because the nonequilibrium distribution of
ciably increase in a given region, electrons reaching the reelectrons at corne8 affects the population of the edge state
gion have to travel a sufficiently long distance. Therefore(S,—Dy), and causes the electrochemical potential along
electric fields higher thaiE. have to be distributed over a the edge state to decrease as the distance from c&uner
macroscopic length along the trajectories followed by theincreases. This accounts for the observed features of the local
electrons. The characteristic distancg needed for suffi- breakdown of the QHE in the vicinity of the source contact.
cient cascading is expected to be infinitely longEatand  After reaching cornelS,, electrons will move away from
decrease with increasing the field beydad. According to  the corner along the edd®;,— Dy, where the Hall electric
the experiments made B&=6 T (v=2) for the 2DEG inthe field is lower thanE.. The population of the excited
same crystal as the one used in this wdrk,reaches more electron-hole pairs, therefore, decays as electrons move away
than a few hundred micrometers at an electric field by aboutrom cornerS,, along the edges,— Dy, where the decay
10% larger than the critical fieldE,~20 kv/m1®!2 L is  rate will be slower as the current increases and the Hall elec-
found to be not much smaller than 1@0n even for electric tric field distributed along the edge approackgs This ex-
fields much larger thak.. It is expected, and observed by pains the spatial profile of the CE in the vicinity of corr&y
experiments, that the minimdlg (in the limit of strong shown in the right panel of Figs.(®, 3(a), and 4a). The
fields) remarkably increases with increasing the magnetic'effective electron temperatur€,” characterizing the non-
field and with increasing the electron mobility1213 equilibrium electron distribution has been estimated to be
We interpret below the local breakdown of QHE in the kT,=%w./7,*® which is consistent with the observed value
light of the knowledge above. We first consider a wide Hallof the cyclotron mass of the CE.
bar. As the current increases from zero, the polarization Let us discuss the phenomenon on the side of drain con-
fields distributed along the boundag — S, will increase tact. Similar arguments to the above applies to boundary
from zero. Consider the averaged field over the minimaD,—Dy as well: If the current is large enough, cascade gen-
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B, entire 2DEG channel. However this is not sufficient for the
" occurrence of the local breakdown. That W, has to be
larger than the minimal distanceg, needed for the cascad-
ing generation of electron-hole pairs to significantly develop,
which is on the order of 10xm in high- mobility GaAs
systems. We expect that this is the reason why the local
breakdown is absent in less-wide Hall bars.

If W is smaller than the minimal lengtl,g, substantial
population of nonequilibrium electrons will not build up at
cornerSy even at very high currents, and the breakdown of
the QHE in the 2DEG channel will not be preceded by the
local breakdown in the vicinity of the contact. In such a Hall
bar, cascadelike electron-hole pair excitation can take place
only as the electrons traverse the Hall bar along the length-
wise direction of the 2DEG channel. The evolution of the
breakdown is such that it initiates on the source-contact side
of the 2DEG channel and develops towards the drain-contact
side. Such a spatial evolution has been indeed observed by
62 64 experiments for narrow Hall bat$:1222

If Wis larger than a minimal lengthg as in the present
experiments, the breakdown of the QHE in the entire 2DEG
‘channel is necessarily preceded by the local breakdown
around the source contact. As the current increases, the local
breakdown will evolve continuously to the complete break-
down in the entire 2DEG channel.

{arb.units)

sig

v

6
B (T)

FIG. 7. Spectra of the cyclotron emission obtained at three dif
ferent positionsS, (the top panel D (the middle pangland S,
(bottom panel The current isl1,=200 A (solid lineg and 550
nA (dotted lineg. The dashed line mark the magnetic fiel,
=5.99 T, applied to the detector.

eration of electron-hole pairs may take place as electrons
drift along the boundary fronDb, towardsD,,. However,
since the terminal of the cascade stream is cobgr sig- We have visualized spacial distribition of nonequilibrium
nificant population of electron-hole pairs is expected to buildelectrons excited in a 1.5 mm-wide Hall bar at different cur-
up not at corneD_ but at corneD,. Therefore, CE is not rent levels by using the CE as a probe. As the current in-
expected at corneD,. We suppose further that the creases, finite voltage drop occurs locally in a region adja-
cascading-process-induced nonequilibrium electron distribueent to the(electron injectiny source contact before the
tion at cornerDy does not lead to strong CE for the follow- QHE breaks down in the entire 2DEG channel. Strong CE
ing two reasons. First, the polarization field is very high attakes place coincidentally to the occurrence of finite voltage
this corner. This will make the cyclotron radiation a lessdrop. Such a feature of the local breakdown of the QHE is
probable mechanism, compared to nonradiative processemt observed in the region adjacent to the drain contact. Ad-
like phonon emissions, as the channel of energy dissipationditional studies of device-width dependence show that this
This view is supported by the large difference in the effi-local breakdown of the QHE in the vicinity of the source
ciency of energy conversion between the CE’s at corSgrs contact takes place only if the width of the Hall bar is suffi-
and Dy(S.), as discussed in Sec. IlIC. Secondly, theciently large(typically larger than 20Qum). All the experi-
electron-hole pairs at corn®,, are absorbed by the drain mentally observed features have been reasonably interpreted
contact immediately after they have built up. This preventdy assuming that electron-hole pairs are generated in a cas-
the electron-hole pairs from effectively contributing to the cading process due to strong polarization fields formed along
CE. the interface between the metallic source contact and the
The nonequilibrium electron distribution at cornBx, 2DEG.
does not affect the population of edge state for the reason A consistent scenario has been thereby derived for the
mentioned in the above already, and therefore it does ndbcal breakdown of the QHE. In any Hall bars, generation of
lead to finite voltage drop. Thus, the local breakdown is notlectron-hole pairs can initiate at the electron entry corner
expected to take place on the side of drain contact. and it can develop along the boundary between the source
All the experimentally observed features of the localcontact and the 2DEG. If the width of a given Hall b, is
breakdown of the QHE are thus explained by considering darger than the minimal distand¢g; necessary for the cascad-
cascadelike generation of electron-hole pairs due to BSEHing process of electron-hole pair generation to sufficiently
Finally, let us consider the influence of the width, W, of develop, appreciable population of electron-hole pairs can
the Hall bar on the local breakdown. It is generally expecteduild up as the electrons drift along the boundary. As the
that the polarization field at corne, is larger than the current increases in such Hall bars, finite voltage drop
average Hall electric field in the 2DEG channel in standardabruptly occurs when electron-hole pairs are excited along
Hall bars. Therefore, regardless\0f the polarization field is  the entire boundary. As the current increases further, the re-
expected to reack. before the breakdown develops in the gion of the local breakdown expands and continuously

V. CONCLUSION
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evolves to the entire 2DEG channel. Thus the local breakeps along the length-wise direction towards the drain-contact

down in the vicinity of the source contact precedes the breakside, as observed by experimetts?

down on the entire 2DEG channel.\I¥ is smaller than the
minimal length,L g, the situation is markedly different. The
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