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Anomalously weak influence of source-drain voltage on inelastic scattering processes
in quantum Hall systems
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The inelastic scattering length,, of a two-dimensional electron gas in AlGa, /As/GaAs heterostructure
crystals at high magnetic fields is studied by analyzing the transition width between quantum Hall plateaus.
The dependence &f;, on the source-drain voltagésp is found to be anomalously weak when compared to its
dependence on the lattice temperature. The Wagldependence is attributed to the fact that in high magnetic
fields the scattering-wave states of electrons incident on the conductor from the source contact is spatially
separated from the states representing electrons incident on the conductor from the drain contact.

The inelastic scattering length,, is an important physical in strong magnetic fields the scattering-wave states that are
parameter determining the transport properties of twofilled by electrons entering the conductor from (leéectron-
dimensional electron ga@DEG) systems at low tempera- injecting source contact are spatially separated from the
tures. Extensive studies f, have been carried out in zero (empty scattering-wave states that represent electron waves
and weak magnetic fields, e.g., via the electron-wave interincident on the conductor from the drain contact. We suggest
ference effects in the double-slit geométand the negative that this strongly suppresses the inelastic scattering processes
magnetoresistance in the weak localization regime. between the two sets of scattering-wave states, leading to the

In high magnetic fields, however, experimental works ofoPserved weak dependencelgf on Vsp.
L, were limited to those of temperature scafifithat stud- Samples are standard Hall bars with a Schottky front gate

ied temperature exponentsof,. In our previous worlé we as illustrated in the inset of Fig(d). They are fabricated on
studiedsize scaling of the integer quantum HallQH) tran- an Al Ga,7As/GaAs heterostructure crystal with a 4.2-K

sition and successfully determined absolute sizels;pf To electron mobility of uy=100 nf/Vs and a sheet electron

: . ) . . density of ng=2.7x10" m~2. The 2DEG regions under-
achieve a deeper understanding of inelastic scattering P'Qeath the gates are regular squares with alsid@0, 40, 80
cesses, it is important to study the electron-energy depe R,

Mnd 160um long. Four-terminal measurements are carried

dence OfLip. . . __outin a®He-*He dilution refrigerator system at temperatures

The simplest and most widely applied method of tuningyon 1o 25 mK. Low-pass filters are used inside the mixing
electron energy is to elevate the lattice temperalyre An  hamber as well as outside the cryostat to eliminate the noise

alternative approach is the control of the source-drain Voltheating. The differential longitudinal resistan@®R,, /dVe
ageVgp. In zero magnetic field, it is known that increasing

Vgp has an effect equivalent to that of elevatiig, viz., L 1A L (@) [ ]

: . . ) L p=10A i i TL=25mKI RS
increasingVgp strongly decreasek;,, which can be inter- 40|-g=25T ,L_ 201B=25T -
preted as a consequence of the rise in the effective electro [L=160pm “E]E [ L =160pm ]
temperaturé.Here, we show that the influence of increasing : /\Vs&; V]
Vgp is surprisingly small compared to the effect of elevating —~ 300 15 v

T., and we argue that in high magnetic fields the physical%
implication of increasing/sp on the inelastic scattering pro-
cesses is distinctly different from that of elevatifg. Sev-
eral groups performed current-scaling experiments earlie
and derived exponents that are different from those with tem:
perature scaling. The difference has led the authors to as g
sume that the effect oVgp is suppressed by energy-
relaxation processes inside the conduétd?.
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Here, we present a different interpretation and argue tha ol 1 2 mK 0 1 )
the influence ofVgp on the inelastic scattering processes is 50 -40 30 20 -10 0 50 40 -30 20 -10 0
S ! . Vg (mV) Vg (mV)
intrinsically weak in IQH systems. We carry out systematic
studies of theVsp dependence as well as of tfig depen- FIG. 1. (a) Differential longitudinal resistancelR/dV; as a

dence. We argue that the observed robustness,against  fynction of gate-bias voltagé, for a small source-drain current of
Vsp neither comes from energy-relaxation processes insidg, =1 nA at different lattice temperaturds . The lines are offset
the conductor nor arises from inefficiency 8§y in gener-  for clarity. The inset is a schematic representation of the sartiple.
ating nonequilibrium electrons in the conductor. From thebifferential longitudinal conductanc&G/dV for different source-
viewpoint of scattering-theoretic approachl®we note that drain voltages/gp at T, =25 mK. The lines are offset for clarity.
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FIG. 2. (a) Transition widthAV against the lattice temperature =3 2} L =T P2
T, for different-size samples. The solid line is a fit to the data at 10 L r=22)
elevatedT 's. The dotted lines are theoretically predicted values for 25 E
individual samples(See the text and Ref. )5The inset shows L+ onnl Ll —
AV against sample size at T =25 mK. (b) AV against the 10! 10° 10° 10*
source-drain voltag®/sp. The solid line is a fit to the data in a T; (mK)
higherVgp range. The inset shows the transition spectra for the N T | \
higherVgp range. 1 10 100 1000

Vsp (WV)

OCXVX /(;Ne’dlsl StFUdI(:r? by ?pg!ylng {:lltdc Cuqma DéD:::‘( FIG. 3. (a) The transition widthAVg againstT, andVgp. The
NA and mo u ating the ga e-bias yo- ayg wi . € peq "~ solid lines are fits to the data. The dotted lines are theoretical values
to-peak amplitude oV/p.,=1 mV. Similarly, the differential e qicted by using.,(T,) in Fig. Ab). (b) Derived values of the

longitudinal conductanc@G/ Ve dl sp/ Vg, is studied by jnejastic-scattering length,, againstT, andVsp. The solid lines
applying constant dc voltage¥,sp's, and modulatingVe  gre fits to the data.

with Vp,=1 mV.

Figures 1a) and 1b) compare thd| dependence and the ) . . .
Vsp ?jependence of the trgnsition Lspeftrum between IQI—VOm d|fferent_deV|ces agre(e4xwth one another, forming a
states, taken on a samplelof 160 um. The magnetic field Straight line with a slope of "™, while at lowerT,'s they
is fixed atB=2.5 T so that the 2DEG regions outside the @re split and saturated to sample-specific values. [Tde-
gate are kept in the IQH state of the Landau-level fillingPendence of the saturated values at the base temperature of
factor of =4, while the 2DEG system underneath the gate25 MK is described bjAVgxL =255 as shown in the inset
undergoes transition from the=4 IQH state to thev=3  of Fig. 2a). The former characteristics indicate thaf de-

IQH state a3/ is negatively biased. Figurgd) displays the creases with increasin@, and becomes smaller thanto
four-terminal differential resistance and shows that the transerve as an effective sample size at the elevaiesl® The
sition width remarkably increases as the lattice temperaturexperimental results at lowdr, 's indicate that the conduc-
T, is elevated from 25 mK to 780 mK at a constant low biastion is determined by the sample sizebecausd ;, exceeds
current oflsp=1 nA. In contrast to the remarkablg de-  L.® The conductors are thus in the coherent regime at the
pendence, Fig. (b) shows that the transition width does not |gwer T.’s; specifically, we can safely assume thaf,
increase remarkably aésp increases up to 10QV if T is  >160 um atT, =25 mK, as will be explicitly shown later.
fixed atT, =25 mK!* The voltage ofVsp=100 nV corre- When Vgp exceeds 10QuV, AVg eventually starts to

sponds to a temperature as high Bg=1200 mK if the  j,crease with increasinysp with a dependence oAV

“effective _electron temperatureTgﬁ)’.' of nonequilibrium ocvgﬁz, as shown in the inset of Fig(1® for the sample of
electrons is estimated from the relation

L=160 um. Note that the largest value efVgy or kgT,

KeT o= € Vep, 1 applied in the present experiment is still much smaller than
B efl sP @) the Landau-level energy spacitigy. .
wherekg is the Boltzmann constant amrds the unit charge. Figure 3a) compares th& s dependencéopen squares

Similar features are observed in all the samples of differand theT, dependencéopen circley of AV, where the
entL’s. To suggest below that the observed wéég de-  horizontal axis is so chosen thatsp corresponds tor o
pendence is of an intrinsic origin, we display in Figa2the  through Eq.(1). The data are shown only for the sample of
transition widthAVg as a function ofT, for different de- L=160um, for it provides the widest range for comparison.
vices, whereAVg; is defined as the full width at half maxi- However, the results are similar for all the samples. The
mum (FWHM) of each transition spectrum. At elevated tem-increases oA Vg are well described a&Vgx T4 andAVg
peratures abov@, =250 mK, the transition widthaVg's — «V222 respectively, at higher levels @ andVgp.
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TABLE |. Values of theT, exponentp (Li,=T,_P?) and the  (a) s nk
Vgp exponentp’ (Lmocvg,g”z) and the ratio op/p’, determined at

N N

different magnetic fields. \\ To1
B (T) v p p’ p/p’ \\\\ N\
3.3 3-2 2.4 1.2 2.0 #
2.5 4-3 2.2 1.1 2.0 )
2.0 5-4 1.9 0.91 2.1

We can translate the values &g shown in Fig. 8a)
into absolute values df;,, by noting also the data of Figs. T+R=1
2(a) and 2b) and applying the analysis discussed in Ref 6.
Figure 3b) displays the derived values. The exponengnd
p’ of the T, dependence an¥lsy dependence ok;, (Li,
«T P2 VgP'/?) are determined, respectively, to pe=2.2
andp’'=1.1.

We have found that the weaksp dependence akV or
L;, is common also at different magnetic fielgselding dif- ©
ferent IQH transitions Table | lists the exponentp,andp’, -
obtained at different magnetic fields. Individual valuespof \\:\ \\\\g
and p’ are somewhat dependent on magnetic fléldve §\\ R=1
note, however, that the exponents of tie, dependence, 1\\\\\

p’, are smaller than the exponents of fhedependence, Yo nk

by a factor very close to Z)/p’ =2, regardless of magnetic v

field. In additional experiments on a different  FIG. 4. Schematic representation ¥fs,  and ¥, for (a)

Al Ga, /As/GaAs crystalused in Ref. pwith p=3.0, we T=1, (b T+R=1, and(c) R=1.

found thatp/p’ is again close to 2. Thus, the relatipnp’

=2 is suggested to be intrinsic to the high-magnetic-fieldmore’ even in the highévsp range wherel <L, the ob-

transport. _ _ served discrepancy between the effectd/gf and of T, is
In order to interpret the experimental results, we arguggq large to be accounted for by E). For instance, Fig.

first that the effects discussed in this work are of an intrinsice(b) shows that the values df;T, andeVsp at whichL;,
origin. Two points are to be made. First, the influenc&g ~ _ o wm differ by a factor ofkgT, /eVep~1/60, whereas

on the 2DEG system might be apparently suppressed if thg,o damping factor is at modte/L =L /L~1/8. Energy-

H 19
current contacts are poor or nonidéar:*However, the pos- ejaxation processes are thus concluded to be irrelevant to
sibility of poor contacts is definitely ruled out in the presentq phenomena discussed here.

experiments becaugg the contact resistance was confirmed
to be much smaller than the longitudinal resistance of th
2DEG system for every current contact afid additional
studies ofl gp dependencétaken from the transition spectra
obtained at fixed values dfsp) provided results that are
similar to those of theVsp dependence described in Figs.
1-3. Second, the extent ¥§-induced nonequilibrium elec-
tron distribution may be reduced if energy-relaxation pro-
cesses are effective in the conductor, Vig.s may be re-
duced by the factor of /L as

In zero magnetic fieldl;, has been reported to decrease
?emarkably with increasing/sp, which strongly suggests
that the effect of increasinygp is equivalent to that of el-
evating T, if Vgp is scaled by Eq(1).} Accordingly, the
weak Vgp dependence found in the present experiments is
likely to be a characteristic of high-magnetic-field phenom-
ena, not observable in the absence of magnetic field.

Let us consider a simplified two-terminal conductor
shown in Fig. 4, where a disordered 2DEG region is con-
nected to ideal leads at the opposite ends. Although not

_ _ shown, the ideal leads are jointed, respectively, to two elec-

ke Teri=€Esple=€VsplLe/L), @ ron reservoirs with given electrochemical potentigj and
if the energy-relaxation lengthg is smaller than the sample .. In the presence of transpogig™> up, the electron res-
sizel, whereEgp is an average electric field in the conduc- ervoir on the left serves as the source of electrons and the
tor. This was earlier suggested to be the origin of a differenbne on the right as the sinfdrain) of electrons. In actual
exponent of current scalifg™® In our experiments, how- experiments, the 2DEG region underneath the gate, the
ever, the inelastic scattering length, is larger than the 2DEG regions outside the gate, and the metallic Ohmic con-
sample sizel. =160 um, in a range oVgp<70 uV at T\  tacts (source and draipn respectively, represent the disor-
=25 mK. Noting that the energy-relaxation lendth must  dered scattering region, the ideal leads, and the reservoirs. In
be intrinsically larger than the inelastic-scattering length,the absence of inelastic scattering, one can consider
Ly, we suppose thdtg is much larger thah in our experi-  scattering-wave states for the conductor, which forms an or-
ments. In our experiments, therefore, the effectVaf, is  thogonal set of eigenstat&s.’® Each scattering-wave state
much weaker than that of in the condition where the for a given two-terminal conductor is classified to two
energy-relaxation processes cannot be effective. Furthegroups: In one group, the scattering-wave stdtg, , de-



PRB 62 ANOMALOUSLY WEAK INFLUENCE OF SOURCE-DRAIN . .. 13007

scribes electron waves that are emitted from the source res (a)
ervoir, propagate along the ideal leash the lef} with the

moden (Landau-level indexand the wave numbek, enter I'»>R
the disordered region, elastically scatter in the disorderec
region, and finally leave the disordered region by being
transmitted and/or reflected to one and/or both of the idea
leads: In the other group, the scattering-wave sthtg,
similarly describes electron waves that are emitted from the
drain reservoir. We emphasize that a partial reflection
transmissiopdescribed by the scattering-wave states is not & <— Source
consequence of inelastic scattering. That is, the scattering

wave statesV's, and ¥, are exact eigenstates of the

system in the absence of inelastic scattering processes, whic (®) | ’Ps,.klz
have taken complete account of the effect of elastic scatter T «R _
ing processes in the disordered region of the conductor. Th
scattering-wave states in the first grods , ,, are occupied
with electrons up to the electrochemical potential of the
source reservoirs, while those in the other grou/p , i,

are occupied up to the electrochemical potential of the drair
reservoirup, whereus— up=eVgp.

Considering the highest occupied Landau lenednd a £
small energy intervaup<e<ug, an IQH transition is de- <— Source Drain —»
scribed as follows??%In the middle of thev=n IQH state,

Wsnk and¥p ¢ are simply edge states with the transmis-

sion probability of T=1 as schematically illustrated in Fig.  (c) —>
4(a). As the Fermi leveEg in the disordered region lowers,
backscatterintf takes place, yielding a finite probability of
reflection,R#0 (T+R=1), as illustrated in Fig. @). When
the Fermi level lowers sufficiently, the transmission prob-
ability completely vanished,=0 (R=1), whereby the tran-
sition is completed as illustrated in Fig(ch.

In the earlier stage of the transition regime whé&seis
above the Landau-level centBt, the transmission coeffi-
cient dominates{>R), and the scattering-wave states may

2
! WS,n,k |

Drain ——>»

be viewed as edge states that are hybridized with bulk state <«— <
through random potentials. An average envelope function of _ _
the position probability denSitWS(D),n,k|21 peaked along FIG. 5. Schematic representation of an average envelope of the

one relevant boundary of the conductor, will have an expoPosition probability densityWs(p)nl* Of scattering-wave states.
nential tail penetrating widthwise into the interior region, as® |¥snxl” for ErEc (T>2R)' (0) [Wspul® for Ep<Ec (T
illustrated in Fig. Ba) for the case of Wg., |2 We suppose <R)- (© [¥snd” and[¥p,,," are spatially separated in general,

that the characteristic penetration depth is given by the localNetherEr>Ec, Ep<Ec or Bp~Ec (T~R).

ization lengthé(Eg—Ec) of bulk states! In the latter half  width decreases with increasing sample size at the limit of
stage of the transition whelg-<Ec (R>T), strong back- low T, and Vgp [Fig. 2a)]. Furthermore, it distinguishes
scattering will take place along the junction between(#re  different roles played by the length and the width of samples
try) ideal lead and the disordered region, and the exponerin an IQH transition and accounts for relevant experimental
tially decaying penetration o|f‘lf5(D)vn'k|2 into the interior  results reported in our earlier wofk.
region takes place lengthwise. We expect again that the char- We can safely assume that the inelastic scattering pro-
acteristic penetration depth is given B{Er—Ec) as shown cesses vanish & =0 andVsp=0.% Let us speculate on
in Fig. 5(b). WhenEg is close to the level centd and the  why the effect ofVgp and T, in introducing the process are
localization length{(Eg—Ec) well exceeds the size of the markedly different. We should also explain why the effects
disordered regiorL, the probability densities of the two are similar in the absence of a magnetic field. Our arguments
groups of scattering-wave stat¢¥,s,, \|* and|Wp /%, are  below will be general, being independent of microscopic
peaked, respectively, at the diagonally opposite corners ahechanisms behind the inelastic scattering processes.
the disordered region and deeply penetrate both lengthwise Every inelastic scattering process is an event in which an
and widthwise. We expect, however, that the two groupselectron is scattered from one scattering-wave state to an-
|Wsnil? and| ¥y, % always avoid each other, being sepa- other. Possible mechanisms causing the scattering include
rately distributed in the disordered region as schematicallghe electron-electronete) interaction, the electron-phonon
illustrated in Fig. %c). [Only whenEg is exactly atEc does interaction, and the spin-flip scattering at magnetic impuri-
£(EF—E() diverge, yielding an appreciable overlap betweenties. Two electrons are relevant ére scattering, while only
|Wsnil? and|Wp 2] one electron is relevant in the latter two mechanisms. No
The view presented above explains why the transitiormatter which particular mechanisms are relevant, we can
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group any inelastic processes into the following two classes.(a) E
The “SD process” is an inelastic scattering process includ-
ing scattering between the two different groups of scattering-
wave statesVg,  andW¥p /o, such as¥g, y—WYp o

and¥p ,«— Vs, . The other, the “SS process,” is an
inelastic process in which every scattering event occurs
within the same group of scattering-wave states, such as
VYsnk—¥Ysnk and ¥y —¥p . (For instancee-e
Scattering With\PS,n,k_)\IrD,n’,k’ and \I,S,n”,k”—’q’s,n’",k"’ iS

an SD process, while that withWg,,—W¥s,  and
Vo kr—Yp o IS @an SS process.

WhenT, is elevated whileVgp is kept vanishingly small
(rs~up), the two groups of the scattering-wave states,
WYsnk andW¥p ., are occupied with electrons in a similar
fashion, with the distribution functions being described by
nearly the same, thermally broadened, Fermi functidgs, (b) E E
and fp, as schematically shown in Fig(8. By contrast,
whenVgp increases whilél =0, the distribution functions
are steplike Fermi functiongg and fp, displaced byeVgp
to each other, as illustrated in Figb. Thus, in the energy
interval up<e<ug the group of scattering-wave states
Wk Originating from the source reservoir is completely
occupied with electrons while the other grotpp , k is
empty.

It follows that, in the case of elevatinf,_, both SS and
SD processes are possible to take place, whereas, in the ca:
of increasingVgp, SS processes can never occur and only
SD processes are possibléVe implicitly assume that Js(E)
kgT. =eVgp.) Furthermore, SD processes are expected to be S D
strongly suppressed because the two groups of the scattering-
wave states¥s,, and ¥y, are separated at a macro-
scopic distance. The overlap between the two groups

wave functlons,ocexr[—_(_glL)Z], IS exponentlally small X initial and the final states, respectively, in inelastic scattering pro-

cept at .exactly the critical pomtE(F': EC)._Th|s ex'plalns cesses(a T, >0 with Vep=0. (b) T,=0 with Vg,>0.

why L;, is found to be anomalously insensitive\fgp in the

present experiments. SS processes are free from such sugantially overlap one another unle$sis nearly zero. Ac-

pression mechanisms because scattering occurs within tlerdingly,Vgp can be as effective & in generating inelas-

same group of scattering-wave states. The points mentiondit scattering processesBt=0, which is consistent with the

above are independent of particular mechanisms responsibéxperimental results reported in Ref. 1.

for the inelastic scattering processes. We thus have explained In summary, we have studied the dependencé fon

why the influence oV gp on L, is much weaker than that of Vgp in the 2DEG systems in the IQH regimk;, derived

T .# from the transition spectra between successive IQH plateaus
The discussion above was restricted to the highest occuemarkably decreases with increasifig. By contrast, the

pied Landau level. However, the conclusion is unaltered ifincrease ofVgp is much less effective in promoting the in-

lower Landau levels are taken into consideration and arbielastic scattering processes. The anomalously Wagkde-

trary coupling is admitted between different edge states. pendence of ;, is confirmed to be an intrinsic characteristic
We should note that, in zero magnetic fieBl€ 0), elec- of electron systems in high magnetic fields. We interpret

tron wave functions propagating in the opposite directionghese results as a consequence of substantial spatial separa-

can have exactly the same profile on a cross-sectional are@mn between the two groups of scattering-wave states of

normal to the propagation direction. HenceBat 0, the two  electrons that are incident on the conductor from the source

groups of scattering-wave stateBg,  and ¥y, sub-  and the drain reservoirs.

eVsp

Jo(E)

FIG. 6. Schematic representation of the electron distribution
Otﬁnctions,fs and fp, respectively, for the groups o¥g, , and
p.nk- Open circles and closed circles denote examples of the
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