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ABSTRACT

This rveport cortains descriptions of our work on two dimensional
transport In S1 and InP devices and spin dependent recombiunation in Si
gatoe centvelled pon junctions.  The two dimensional work covers our
investiagations of the gquantum Uall effect whaere we find that the effect
is Lasically doe. oad can be neasured by the application of a finite
freauencey. The coune of this offcet Is discussed in terms of &
delocalisation of ¢lectrons in the tails of Landau levels.  The
experinerts andicote that Jocalisation in the tails ef Landau levels is
caused by both ditosder and the electrou--clectron interaction.  Anothe
aspuel of the clectron—celect ron Interaction which has been investigated
is the ouscillatory conductance in inversion layers vhen charge is present

at the €i-810, interface. Tt ie sugecested that Coulenh effects give

2
rise to a contribution to tlhe activation cnergy which oscillates with

K] Y

carvicr concentration,  Other topics in two dimensions which are discussed
include tie role of spin-orbit coupling irn transport in the In? iaversion
layer and an investigation of the scaling theory of conductieon. ,In this

N
Tatter topic it s concluded that a one parameter scaling function docs
not inst. The existence of the weak 2D localisation has alse alleowcd an

lwcestipation of the vate of cnergy loss of hot electrons in Si inversion

layers.

The other topic discussed is spin dependent recombination in Si gate
controlled p-n junctions., The signal is found to be independent of frequetcy
as suppested by theoretical models, We have also found a spin dependent
genoration signal of the sawe magnitude as the recombination signal. At
present we do not have a theoretical moded for this effect, future verk
will include both experiments and an attempt to produce a model acccunting

for both spin dependent recombination and gencration. “-‘__-_-W




l. RTRODLCTION

In this, first, report we nresent vesults of our
investigations into various aspects of two dimensional transport and
spin dependent vecombination.  The two dimensional work has been
published and the papers are attached as an appendix, thus the main
part of this report will only contain shovt summarics of the papers.

A fuller desceription of the work on spin dependent recosbination is

given,

Torle on the ballistic injection of clectrons is now at the

stage of producing results but there is nothing suitable, at present,

for incorporation in the report.

2.

(a)

The Wigner glass and conductance occillations in silicon

inversion layers,

We show that on changing the nature of the backoround random
potential the inversion layer of the Si MOSFET exhibits the
conductance oscillations previously observed in both GaAs, the
source and drain regions of Si MOSI'UTs aund MOS'ETs with a very
high concentration of Ka® jons at the Si—SiO? interfacc,
Measurements of the temperature dependence of corductance show
that oscillations are found when conductance is Ly an execitation
process as well as hopping., The oseillations arise frem an
oscillating activation cnergy which is due Lo either an oscillating
interaction contribution to the activation cnergy, or a negative
effective density of states at certain valucs of carricr
concentyation. This appears duc to electron orvdering in a

small currvent limiting region and is contrasted with the case
where the oscillations are absent, although localisation is due
to both background disorder and the random ficld of localised
electrons. It is shown that near the transition, lecalisation
is duc almost entirely to the vandom field of the localiscd
electrons, and the system is a strongly interacting Fermi glass

(or Wigner glass), cven though the oscillations are not apparent,




(b)

Elcctron localication and the 2D quantised Rall resistance

Using Si inversion layers we have investigated the plateau

of quantised Nall resistance appearing when the Fermi encrgy

E, is between the spin parallel and gpin anti-parallel states
of the ground Landau level. VWhen states below EF arc localiscd,
indicated by a tenperaturc-depondent . throughout the level,

a platceau is not formed; subsequent delocalisation of states
near the centre of the level results in the appearance of the
plateau.  The delocalisation can be achileved by an increase in
tempersture, or the application of a substrate bias, and the
case of this process indicotes that the degree of localisation,
vhen present, is weak. Under these circumstances the localication
is Joug range and can be interpreted as the absence of a

continucus cxtended path through the specimen,

Measurcimonts under AC conditions result in the appearance of a
platcaun with incrcasing frequency when one is not apparent ai DBC.
This is discussed in terms of the localisation length, and it is
sugpested that electrons behave as if delocalised vhen the
frequency is such that the drift length is less than the

localisation length.

The behaviour of pxy throughout the ground Landau level has beon
analysed znd it is showm that a 'mormal® Hall cffect is not
obtained from cxtended states at the centre of the level. This
is in agrecement with theorices which suggest that the extended
state oxy compensates for the presence of localised states in the
tail of the level. Tt is found that wlien extended states are
present in the second level (04 =) they not only compensate for
the localised states in this level but also compensate for the
bottom level (0+ +) which is entirely locolised. On the other
hand, vhen states ncar the centre of the level arxe localised,

and a plateau 1s not found, the results indicate that weakly
Jocalised carriers contribute nermally to the Hall effcct. The
absence of any effecct of the weak localisation on Oy is the somwe
as has been feund for weak, non-magne’ic Jocalication in bath tuo

and thrcee dimensions.




(c) Spin-orbit coupling and weak localisation in the 2D inversion l

layer of Indiwma Phosphide s

We report measurements of the magnetoresistance (M2) of the 2D
inversion layoer of an InP MOSPET in the temperature range

T = 4,2 20.3K, Tox kF] » 5 we obscerve positive MR at low
magnetic filds B < 0,015 T and negative MR at higher values

of B. We attrilute this behaviour te the presence of strong
spin—-orbit coupling which at B = 0 rcduces the wegnitude of

the weak localisation. As B is increascd, the spin-ort it p

interaction is progressively quenched, leading to a positive
MR which eventually turns over inte negative MR as the tine
reversal symmoetyy of the quantum intesference (veek localisation)

¥

is destroyed. Our results can be qualitatively cupleined but

precice agreement coeuld not be ebtaiuced in the reginme where the

spin-c:bit effccet was dominant.

hnalysis of the negative magnetoresiastance Lhes alloved us to

observe the role of electron—clectron scattering which can be

expressed s Lwo terms varying with tewperaturces &s T and T,
.

The results do not support a suggestion that the T term can be
P &8

expressed as T]n(Tl/T) where T is a constant.

. (d) An experimental test of the scaling theory of conduction in

two dimensions

The scaling theory of conduction has created wmuch interest in |
the problem of conduction 3n a disordered system. DBasic to this
theory is the assumption that a one-parameter scaling funciion

exists. An experimental test of this 3s presented for two-

dimensional transport in silicon ianversion layers. The results

i
are found to be inconsistent with such an assumption and we

I
conclude that the function does not exist, N ;

r3

|
|
i
;s




(r)

Encrgy Joss rate in silicon inversion Jayers

We )'Cl‘.u'l"t the results of measurcments on the rate of heat

loss from hot electrons in silicon inversion laycrs at low
temperatures.  The results ore intexprotoed in terms of the
gencration of aconstic phonens and it is found that disordey

has a significant cof fect on this mechanior,  Tn the Jow-disorder,

high-terperature limit the encrgy relaxstion time T, varijes

’
vith clectron temeprature T(‘ as Te . In the high-disorder,

Jow—tepperature limit e varics as TC . The cleciron
tempevature is measured by the effect on the wealt two-dimension::)
Jocalisation wvhich allows the experiment to be perforned ot low

temperatures.,

Loss of dimensionslity, localisation and comductance oscillatjous
in n~type GaAs FETs

We present new results for the transition from 3 dincusionnl (353)
conduction to 2D conduction in a Cads TET. By applying a miagucisc
field, B, it is possible to obscrve 2 metal~insulator trancitican
at low tewperatures by (a) suppression of weak localisation at low
B returning the system to metallic conduction and (L) shirirnking o
the donor wavefunctions at high B localising states at the Feriwi
encrgy., Magnetoresistance has been measured over 4 decades of B
and for temperatures between 4.2 and 1.2 K, the recults being 1in
satisfactory agreement with current theories of localisation in
2D and 3D, We also present new conclusions for the anomalous
oscillations in conductance with applied gate bias observed 3in
most CaAs FLTs at low temperatures, The strength of the
oscillations is related to the quality of the FET, being predondnant

in commercial microwave GaAs FRETs.

t‘;
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(8)

i s -1y e smeribmi,
iy g ity v P i - ..

Elcctron localisation and the quantized Hall resistance in

silicon inversion layers

Ve have investipated the formatien of the platesu of quantized
Hall resistaace in the spin split awinimum and the lowest valley
split miniuun of the ground Landaut level of (100) Si inversion
Tayers., The results in the spin gap are explained by a moedel
based on Anderson localisation in strong magnetic fields and on
the existence of long range potential fluctuaticns., The behavioor

of Py in the second, spin up, higher valley, Tevel is discussed

in relation to the compensaltion effcct suggested in recent

theories. Application of a ficld of 25 Tesla resulted in the
delocalisation of electroas in the lowest valley level and the
appearance of the platenu of guantized Hall resistance in the

lowest valley gap.




3. SPIN DEPERDENT RECOMBINATION (SDR) 1R JRRADTATED GATE CORVROLLID

.‘4
p-n_DI0DES

The small Lizs forward current through a p'n diode (Fig 1) is deminated

by the recoubination of clectron-hole pairs in the depletion region.
With larger bias (> 10.20V) the current is deminated wmore by the

: _ diffusien currcnt contribution. In these ecxperiments a circular gatc

controlled diode is placed In a magnetic field and the recoubination
current is enhanced by an amount AL vhen microwaves at 8.44 Cllz are
applicd and resoniice is ecetablished,  The enhancenent is measwred as
a firet derivative of current, by phase- sensitive detection, at the
freouency of wmodulation of the magnetic ficld. The magnetic ficld is

swept slowly, and the spin-dependent enhancoment occurs at about 330600,

. . 3 .
The enhancement 1¢ a factor of up to 1 part in 107, and is of o

phase to the first derivative of a degradation of current, ohtained by
placing o microwave absorber, DPPH, in the cavity. DPPH reduces the
migrovave field vhen it is at resonauce so that part of the forward
biasing frow the microwvave ficld is reduced and we sce an absovption
: derivative of opposite phase to the SDR enhancerent. (Fig 2)
. . c . AT | »
The fractional enhancement of current is ——————  The fraction of
Recomb
I
Recomb

I that is recombination current is , thus the magnitude

IRCcomb * ldiff

of the change decreases as the bias (V) increcases and the diffusion

current increases wmore rapidly than the rccombination current.




The recombination current varies as exp (cV/YKT) where in theory
y = 2 but cxperimentally is found to be 1.6. The diffusion current varics
as exp(eV/kT), thus the ratio of recombination to diffusion current varicg

as exp{(cV/KT)(1/y - 1)}, i.e. decreasing with increasing V.

This predicts that A% falls off exponentially with biass, a relation
vhich was feund and is shown ju figurce 3. Variation of the gate voltage
clianges the geometry of the depletion regien, giving different proportions
of rccombination and diffusjion current, i,e. different v and pre-cexponenticl
factors. Py the application of a suitable gate voltage the depletion region
can be extended under the gate to include the SiniOz interface, so that
radiation—induced surface recombination centres contribute to the cuvresnt,
In our experiments we first investigated the dependence of surface
recombination en the gate voltage. The devices were formed on the (100)

Si surface and recombination centres were produced by irradiation with
20keV electrons. This treatment produced a maximum in the recom!ination
cug;cnt just before inversion of the ntype Si. The irradiation increascd
the inversion voltage from about zero to ¥ -20 volgs. The SDR signal was
then investigated and the g value was found to be 2,008 * 0.002. Prescent
experiments are investigating in detail the dependence of the magnitude

of the signal on gate voltage.

Spin Dependent Generation (SNG)

At negative bias voltages (< =5.0V) the reverse current of the p'n
gate controlled diode is dominated by the generation of electron-hole
pairs in the depletion region., As with recowmbination, the gate voltage

can be adjusted to include Si~8i02 surface centres in the depletion region.




re
W2
.

The negative gencration current is enhanced by the same microwave
field and magretic {ield that enhanced the forvard recombination current.

(Fig 4)

The SV signal has opposite phase to the SDR signal since it is an
enhancement of a negative current —= DI'PIL degradation of the generation

current is of opposite phase to DPPIL depradation of recanbinction cursont,

. <IN

4
The size of the enhancement is about 5 parts in 10 (sirllar to the 5BR

crhancenent).  The g valve and 1ine vidih of the g and GDR signals ove

the cawe, indicating that the some type of reco . bination-gencration coulre

is respensible for Loth signals. (g = 2,00820.002). VWe ave preosontly

atterpting Lo construct a nedel accounting for this curpri

cing finding

Tt

The effcect of 1lluminetion was investigated by shining light fros
-8
a_bulb mounted near the sample, A dark forwsrd curvent of +2 x 10 A
¢
can be reduccd, and made negative, by light-gencrated caryicrs, but the
SO signal is-unaffected. Thus the nuamboer of carriers available does not

limit the SDR signal, nor does band to band generation.

B-Yield Dependence

By using different microwave frcquencies, the B-ficld for spin
resonance can be altered. The size of the signal is the same at 2500G
(with a microwave frequency of 7GNz) and at 4220G (12CHz), supporting
the field-independent model of Kaplan, Solomon and Mott. At the tine
of writing a signal has just been observed at 155 Guss (corresponding tao

a froequency of 440 MIz) of the same size as that at higher fyequencices,

Work is continuing on this topic.

It




4.

PUBLICATIONS supported by this contract vhoge abstyazets are roproduced

in Scction 2,

a)

b)

c)

d)

2)

The Wigner glass and conductance oscillations in silicon

i)

inversion layers: M. Pepper and M., Uren, J Phys € 15 LGI7, 1982

Elcciron localisation and the 2D quintised Hall yesistance:

M. Pepper and J. Wakabayashi, J Phys € 15, 1861, 1952

Spin-orbit coupling and weak localigation in the

Yayer of Indioa Yhosphide: D.AL Poole, M. Peppc

J Phye 315, L 1137, 1982

An cnperivas test of the scaling theory of conduction in two
dirvnsions: KoAL Davig, Mo Pepper and M. Navely J Phys € 16,
1205, 1aER

Tnerr tess yate in si1licon inversion lavers: 5.C. Payno
v 3

RoA. Tovies, 2.C Tokson and Mo Pepper, 3 Phys C 16, 1291, 1983

lLoss of diuensieonality, Jocalisation and conductance oscillations
in n type Gihs TLTs: DUA, Poole, M. Pepper and LU, Myverw,
Physica 1178, 097, 1933

Elcctron localisation and the quantised Mall resistance in siliceon
inversion layers: J. Waksbayashi, H.W. Myron and M. Peppor,

Physica 1178, 691, 1983
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Captions

The p*n pate controlled diode used in this vork,

The SDR sipn2l AL ds plotted as o fraction f the DUC,

current 1 against T, ., As increares with

n.C D.C Tl).C

increasin, bias gso thr SER contributien deervases,

1

An ex of an SR signal with the DPPR sipnal ueed

for calityrating the cetie ficld., The nogrnitude of

the DIrh signal has been reduced.

An cxanple of the 56 signal, as with Figure 3 the

nagnitude of the DIPH signal has been reduced,
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from the weak ocatisation of all states in 2D (Abiahins ered 19760 Gorhiov erad 1976
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indicating the clectioninterectionasa canse. (Maoicrecentwork QUi honand Povonse od
1982, Poole and Pepper 1982) indicates that the sepiration of the minmuein the oncil-
lations can be lncar with carricr concentration, ) As this behaviown was i the regime of
stronp, localisation it appeared taplicit that 1 arose from the contnbution of te
clectron clectron contiibution to the activation cnerpy, being a maxiaum when the
~clections are most ordered. However, it was not clear \\h\ clectrons would atiempt
order at certain values of carnier concentrations when the backgiound potential aro-e
fiom randomly disttiboted donors. Recently Dallacasa (T982) has pttempted to remove
this problem of the bickpround by proposing that the ordering arsos from the diclectric
propertics of Jocalised clectrons. On this model o whaole series of order disorder ttan-
sitions oceurs as the cartter concenitation is altered, although, becanse of the existence
of the randon donai field, the ordered state will be aoplas<rather than a lattice,
Conductance oscillotions live alio bheen observed when conduction is in the aecii-
mulated suiface of the source and dratn regions of Stososrins, and very weakly in
inversion layers when o very high coneentration of Na® was present at the Si Si0),
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interfoce (Pepper eral 1979), St ecturein the differentiadl of conductance reported earlier
may have oshiilio origia (g and Doward 1205, Pollitt cr o/ 19706, Tdey er af 1974,
Caole e el 1970). We now discuss the nuinner in which prorounced oscitlations can be
induced in the inversion Ly e by varying the formof the ba ound potentiul

The speciirensusadin llu‘( spetiment were oripinaly deslencd sorinvestipoing the
transition froni two to one dimensions, which will occer when the inversion layer is
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narrowed frou the sides (Poppor 1087, Fowler e 1082) s in fivicd e fave 10 e
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vhte bl

the oscillations conld be moved by the epphecdon of o suls np that
they otiginzted in the chenoch Thisresult shovs that the presence of Fimurin ceptres
in (]u chame], clumping the nature of the Iocaliaing fehdl coninduce the oscilionsin
the seme way as Lapority conties in the sonree sod diin cocannnheion kovers, VWe slso
found that sy oseillations could be induced ina dovice had rot previously
exhibited the ¢ffect, by avehimehing the n” pjunctions at L2 KT he brealidown tesulied
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Fipure 2, The oadilations in transconductmee, as a function of substiate bias, in the
devices, The terperature was L2 K and Vg, was 1.235mV,
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in hot electiens being infeoted aver the 3.3 ¢V bauricer st the 8PS0 mterfoee sl
subsequenidvionppedintl SHO pem themter{ove, Afterigecaonthethicobalidvolt e
becme mote posdtive, indisting that - 5 % e 7 chections wer ey edin the
oxide; the wohiline (for non Lewdined eloctions) was rediecd by - 200 ndonn s
values of cootier conceniiaGon darye conecteree oocilition vere pres ot il hoa

clear pericdicity wis pot cppavent (of fiznie 3) The apphication of & cubainate bias
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Thwre 4, The womperatore dependenee of the oscillations in a stiactue cubjected to
avalanchiog. Ve was 0.0 mV The gty indicate the fosidion of Fpoused in figare S,
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altared the dependenee on the pate velioe of the ocithdions cconfinming that they were
caused by clections in the imersion taver. As eapected, tho stiucture sl fened with

decreasing tempovatite mad new oweitfntions cpecered (Grore ) for cunnple, the
fostmesidentifio d axooand Tintib e Dwore wishounlder ungl the v splitinto wnaximum

and aam

dnnna below - 2R Snce the actividion caeipy vas - L7 eV the reschision
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Tijuee & Detailed temperanne dependeace of condtuctimee of the structure shown in
fipure 45 the location of the Peimenctpy s indicared by thic numibers (1,200 T i e
4, Vi 0 mVoThe setivaiion epermes e indicated for the maaima 1, 4, 6 and nioama
2, 3, S and 7. Crosses donets manani; cireles denote minma

vas clearly due to the abrence of thenmal smearing. Increasing the gate valtane caused
the oscillations o disappear when the conductance becare rougldy indopendent of
temperature (the 21 Joealisation and interaction cotrections weie not investipated
in this woik). The detiiled tomperature dependence of the oscilliations in igure 4 s
shown i figure 5. A< seen, at the higher temperatures the sesalts it the Iaw o

agyexp(-WATY, regardiess of whether o s a masimum  or minimum. At tow
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temperatties the poiats leave the extrepolated plotin the manner ebserved v hen
thopping” detenmines the conductanee, The seatier of points aad duitia) iverene of
conductonee hin the reghine v pot crtos but isgeproducible ond i ala fownd for
oscillations in GuAs, oo s the veiy weak dependence on teaporaccune at the lov st
temperateres,

s st ing ghot the boehaviowr o0 ey expy( n
conventional prversien Liyvers, execept that in the Teticr coee Woceore:
with inercising g oand oy o, (U0 oy, {5 Tocrlinanimuny e ceiivation Gy

re to N impindiies ceowes whon condociion is Iy hoppine cod rot by ot

Ul to that fond in

s onoothly

(Uiatateinr and Fowlor 1078))0 We can cquate opwitl o) i e oo bt ol 8

curient btiing repiosi o GOl I ocden tonvest oie this o cion, b v e id s
dominat portion of the mjectest osele cha Shuguten G0 aas choct v e
meartired The threshol bveluge found from the meacnicnento of s Shobaito, oo
Toas cocidlations had U pre-avadarebe veluesindiatrn st ooty aosmadd o 0 of

the channel wos affcencd Dy e oxiele clivpe nd U Cevrren Tl

Cne cuvrenn Dt tecie, s

this rennit suppowts the view that the eapeci ot
copsidorahly ricater thap that of e dovies (U000 nd the vadee of Ol yeguie Do
Cquniv op vith o, Iy ol wircasoneble,

I onetinimy aotivetion cocigy ware ealv obnenved e the b prneres ime il n

a nuaber GOovplinaooens boecd on e esallaiie g dersiiny of stntes wor B b e o o
This tape of Pebavions ookl aine foom one dimensicnad bohovios ar praclaaon

. 3 - 3 . I N Gt en. I PR Y et : R R
aspecis ot tenspaor . However the exciftating boehonderr ehimesona o onei ven ot

be osplotacd waiioatscfoieree to the Canlond pap (o Coulomb conaibaion o the
activation cnoyeyY, and appensckated to e canlior ot of o Cosloeh coptsbaton

to 7 Py (Pepperered 19700 Phe obucivation of the ool tions st loawer tenpeinta s

in GaAs (Poole and Pepper 1952 0 be publshod) vivere conduction is by hiopriog

shows that ithe same intarectonis pierent. The g inthe setivetion o ch
occurs o going fiom conductance masimnn to minnnta s s ovs ereeter thas e

chuanee in M for these vosalees ol caricn concentration. Hovever thisoh
is alwlays mwch Jess than the mean value of e aear and so con beosati facto
accounted foi by enlizneed ordering of the clection distiibetion; we do not have &

suppesition as o the caase of the ordeiing other than Gt of nthicsa (JUa). An

alternaiive description of the efiectis o negative effective density of stetes posteliaed
by Bello ef o (1981) for Wigner condonsation in 2D (also Chensbin aud Thach 1907
However, this treatmient docs not yickd o series of oscillations as found i the
experiments.

Fronvthe experimental point of view it scems that the clectron - election intaraction
produces three different eftects, which are refated. InitinHy, with aovery Tow vlection
concenfration, the svatenm i a non-interacting Fermi glasse As the electron coneen-
tration increases, depending on the type of potential fuctuations, there are three
possible consequences.

(1) Interactions reinforee disorder and theve is a smooth progression to the fnter-
acting Permi glass, or Wigner plass, in which localisition is due to disorder plus
interaction. The localisation enerpy, Fo -+ L, decreases 1o zero smoothiv with increas-
ing i, althouph the eftect of the interacton is to cause B to pise,

(i1) The type of tandom potential allows a imcasure of ordeving to ocanr due o
the strong cleciion clection interaction. Locabsadion is due o disorder and the
Coulomb interaction but sharp changes in L = I oceur at certain critical vidues of

i
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carricr concebtration piving tiae to the conductanee oseillations . The wos s reported
here sopvosts st thi occurs when tae cutrent Bty repion i sl

) h’ the bachoround diserdor i saffichnithy eooad then the nimber of carsiors
lovilin Fivamall (2 10" cin ™) cnd the Conlomb interaction does ot appear to
pl'l\' aoreles However, on the meta

Heostae of thee torasaiton oode oie clection vos

with fow siis oboeived iad here Coctomb effects iy be sipn i, perticedaly g

the proesence of aoreapnetio ficld (Wih-on of ef 1wl

We BLine advo fowad that osedletions can be indvced wwhon posiive charpelin the
fann of papped Lot Do crented inthe SIO; nean the S 810 ¢ by clevtion
[

heam T diation. e occilaiions nre most prois e whon o e Bne o i

i ocrestod vind e verhon whien o whole device Grca s irradieed fthi oot o
aboo boecn fonnd by TOA Davies pric te commuenicoton). Sinatins b ve hove ot fo0ad

oset avomn whon cnonnersion layer b foimed op o hiphlv dopod soborete D wher oo

they con be 101:1"' U o difinned revions and elioinnied by an st odveliope ol e
fow micrevelis, * savenall cuncent leiting tepion.
In the c.\}\'in:mzl-. repatted hove, the pres Ve

Jencntin! fioton o B oprrostag.
Dyevtivated o fust neetadlic Bebovionn, Th b Ticates hit L

T
\
™

countunt from strog

whoelo correne it peries piven 1 to the oseillations and s e sl anghee Jts i
asthe pato voltepe chirrres and i s region s contnhutine uationdy o the ¢ifect
Iis: ;‘,w gent that tho et onlysiteaay obsenv e v oo s s amali e

Biscinay Do due to g siedb Teeeth aver v hach the eleaen

of cloctrens s preseat. i

behavioar i colierents mad us this Lndih increases the oscilbutons Bodavioar ivers
ion niay bothe com o ol the abvdince

SITTR S R TN

to zero Tncrensad :;/ Cob the cuireit ’A.m‘mr rey
of wny dlear [\n Wi
Wnitariog o o e ¢ vaabvtion in boackeiound chaaps over i boy
The cativelinterpt o of deorder (dae o onide ol
the oseni

fatory bet
differences Snduced by thermal evohing

of the owoitlitons, Thisv mey beoa fundn

N

Y ialleseocd e dilicrenee s in

AVIOU] M tween ol

aoon the sere sicon velen s and sty by

between tova temparatie cnd 2K

The vesults wind discvsdon presented hore concentrated on
Hovever, the effect bas now Peen olvorved v a weabor formant RISRH
in GaAs. Vuriher details wiil be seporied shortly (Foole and Teppar 19e2 1o be
publishicd).

Ve have enjoyed niny dicussions with Professor Sic Nevill Moty Dr P Townsend
and NV Ritchen of Pasex University and e DA Pooles This worke was sepported
by the SERC and, in nl l‘\' l]l(' Putepean Rescureh Office of the U8 Aray. (M)
Uren postessed an S RC Suedentship with the Plessey Company and the woork
was performed when b ] LP wervs on leave of abuence from the Plessey Compuany.
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The Shubnilov de Thans effcet exhilited by o two-dimensionnl election pas has been a
topic of investigation sinee the indtind worlt oa Siinversion layers (Fowler eral 16645,
Reeently intereat Las developed in the Hall offect when the eoni energy Iy dsin the
density of states minbma between Landin evels Wakabayachi (1978) and Wakabavashi
and Kuaveaji (1900) showed that the Tall canductivity devinted from theory in these
repiois and forned a platean independent of carvier concentration. Subnequently Von
Klitzing et ol (3200) found that the value of Thail resistonce i the pleateau regions was
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Wefinnt ivtrote the cevisof Tnorensingcmpe it e on the quantise d Pz plan pu
botween thy Oand T Eandau loveh The clecionsveers heated by dncieas i the canrent
Lo thiouele e dovice and oy seoin fizwe Tincea e foresolts i o dearease i e
region whoere Va7 connt i and eventualiv thie phatea region disappeanss Wi e
Fyisinthe phvcaunresion electtons trasebthroush the imvession oerwitl uiseaitenig
exceptnes oo end conteis whee the equipotentias buach tosether Thereis this o no
cnerpy dissipetion execpt near the contavtoand conscquenthy thercis noficla prodec e d
clectren Loy, The tempaoature of the clections s raisad by Josle Beathoneanthe
contacts, Phe remaonad ol the plateaw as the tomperature s inacised s expected o the
basis of extended state conduction andaises bocanse oy, s o Tenger vanisbonsly sosall
whoen the tenprerature is ivreaesds In fivare 2 we show the temperataie and clectre
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fictd depeadence of o, meaared directly wiih a specien of Corhino peonictry. Asis
l 2 R L .)

clewr, for lovesonnee dretn Botd the neakovadue of e inthe tvo 07 Tevelsdecicases with

decremsing tenoretre, budicatng that e entiee fevelis Jeealined, Phe tewpaonne

denendenes of goowas not indyeed in detail fe s worli bativis clear that neceang

the electric fiebd acbioves dedoe di doin the (O 1 - ) lovel Vioure 3show g, and p

precsured ditecth vabie @ b coonme Oy deviee, We now discuss two astsocts of these
. ¢ t A 1

fiyures,
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First, inciezsing the current (tempetature) produces the opposite offect on oy,
between (07 =) wn (O 1) connpared to between O and 10 Wheen Jpis between O and
¥increasing 1, resuhis in a decresee in the width of the plateau, However, when Eyis
beiween (0] =) and (01 ) inacadng foresults in the formntion of a platean. This 1s
also illustiated in detail in figores d(3) and (D)1t i seerrin fipare () thut o pliteau
exists at 2.4 K and then collipres as the temperature is lowered to 1.5 K Tuis elear that
decrcasing the temperature resiths in the localisation beeomins apparent thiough a
decrcase in conductivity and the dvappearanee of the plateaa, Pipore H(0) shows that
once the platcanis formed in tids way it can then berenmoved ceain by furths rincicasiag
the cutrent in exactly the swmne miaaner as the removal of the phtcan between and 1.
The subsequentiemovab of the plitean is notickited to the focal ation butis due to the
ncreasein g,

The second featme of the figuresis the presence of the pleanin the spin pup when
there are extended statesinthe (07 - Yievel, but the entite (0§ 4 ) levelisTocalincdand
shows temperatine-dependent condaction. This indicates that the extended stistes in
(© 1 - ) we compensating not only for the Tocalised states in this Jevel but alse for the
(01 ) level Hhis sugpests the tthe compensation mechanism s more gencrab thim has
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been seppested, This has odso been obrervedin the Halt carrent expoeriveent (Naveagi
and Walabuyoshi 19STH), where the foviest Tevel shows sotinvated belivior and there s
no platean in the gap revion between (07 1) wand (0] ) but between (0§ - ) and
o)

The case with whinohote locidisation concbe chanped i thiese snechnens icevident
from the civation of o plei-an by the epplication of a subsvate Blas el - 20N e

cation catsed by the bl

decrease i ag ocvident franran obocn D incredse in

Cat the contre of dhe Jeved T thie obeence of o magactic fickd simha Joies

u, wtjon

cffectame obscrved (Pop ren 1977 ) ond iove been related to the doevcnein o oeth seide

of the potentic fuctor oyt is pot clear i i i the appropicte mecha oo thes
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Vipure &, Fregue nev offect oin pleteau fotation betneen (01 - Yaad (00 ) Teveds, T =
L2354 = 907 The conent s 0050 A whith s sulhiciontly low that s §lnfean is pot

ohcrvedatlow hiajuencies or ¢

oxporiments. (These effedtsare notrelated to the observation of the true iversion fayer
conductinitc whera substrote bas is applicd to o contact limited deviee (Wilson et al
1981). Transport when donunaeted by locadisetion in the contacts can be mi-taken for
inversion Ly er locadisation (Fsoiand Allen 1975).

These resnlts pive strong support to theoties suggesting that extended siates must be
present for the obscrvation of the quantised platean, However, when AC measuremoents
arc petformedaplatean can be observed even when all states are tocalised snd a platean
is not found under o conditions. Thisis shown in figure S where, at tow frequencies iind
low vialues of current, a plaican is potpresentwhen Fyis betveeen (0 f = Yand (0 1),
Increasing the frequency resudte in the progressive fonmation of the plateau, i process
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evibontotas o ol e v e TR Hov everodee to capaditive Boesin the devies

accecv ol the TP e oot st o Vo betren than 300 0 ihis e
We e eost that the ey
ot dovermined By
Vocthe pldcnre onthoodetoveic vy ofthe clocton V0 mven by

Wy
roney cheor cires boca s e velodcine of the eentre of e
i

Sothe cunentandareact Lol b oo for zero cutioat

‘/“v l‘“/“

where By the Pt 60t cguat 1o Ts Dat 400 005 AL ihe stntes e v

locibed then we oy e thiovalue of Vi

Va2V m 1

v

whore aris the decsy constimtof the wivcfuncton end o200 i the fregueney o7 e l'i
applicd fields thiv i eccentiely G condinon forthy Jocwtion o becem anbapae L [

il . PN e K oL .
oonhen oot

The dnfovelocity Vi s used taiber dham G diiusiaiy fr bevanes

Lo he elicoran e dobeahe o

the cloction 1« pot seatiered and 72 s nat paoes

cormbion i be met et o freguency ol 7LhHz ond s crrent ot 70 Ccate sy {
toavelue of Pooo Srtoa, This vy lios that the oo e tomeaae in e e |
locilicadon Tenptle eatil, whoen thiv wos egquad fo the spoviman Teo b nnoelt L ’
doteralication v achioved, Thiv etrenchy bonp o cchmasion Joe o ondy o v
boecouse clections i tho ventre oo Bandoviova oo ot sentiorcd whon T b
band e hoisnor b oenvalite whon 15 Bewinhios cres bocioe of e S 1
inclastic soattentne, Toabiortd Be noted, Boveesvev o thorwhonwe e Bito aocon s
cotpensation oiect on the diiftvelociy Vipthe eafeat cedloceii oo : .
As disvoscd canhior il the exterded states e (O] ) Teved toe compensaiior no
only for the lecdined states i this loveb but aho for i (07 ) bvelidhe ditfeael
and hence the locadivationfongtho oficctively doed s Fovever e prcaentexpern et
dous not yiekd an cocuvate fregueney for the onnet of the platonn, fad soowe oot
quezititativedy discues the Tocaisation lenpth,
Atthc lowestviloes of carrent (<10 " A) the eficetof inercasing the frequencs wos
dificult to catablish becauce of the pojves Consequently it was 1ot posadblie to e e
the frequency dependence when the carrentwas pot ehiective in doloc lising canie <, i
vas noted thatwhen the platcouwas present it tended to paryow ichivwiti inor el s
frequensy. O provicusmessements of conductarce in the minbana ol NOEO (V-
abayadii and Peppec 1992) chowed that the change oo, with inarcasing freguoae . was
sinall and could not account for this nartowing of the platean, Fhus we atnibuie the
effect to the proorcsive removal of the consequences of the locebsation of staes e
Landau fevel @il as tie frequency incrcases, The states in the il will be mose £y o

focalived thim wetes in the contre, and consequently hivher frequenciosare teqai 2d to
remove the effects o loealisation. Capaeitive loss problems with Linge ceomeetny & sviees
prevented ps from investiyating fiequencies above 10 Rz and wo those effects cou'd
only be obuerved whep the election tempesatute was inereased te o rtie such bt the
DO plteau was on the varpe of appearing.,

The results of the fiequency dependenee e nqualitaiive amreement with oo ssults
on the temperatare dependence, namclv that etended states o states which boliove as
cxtended are required below By for plateau formation, This freaueney effect caic ondy
be found at low freqocncies because the virtuasl removad of ceatterines when £ is i the
mintum of V() results i fone inelastic seatteying time ond tie wavefunoson is
cohivrent over Lupe distinees. Becanse the localisation is very weal the behaviout is
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quite ditferent to thatinregimes of strong localication. Inthis context strong locatisation
would correspond o aeyetotron it bowund by s impunity potentizd, acsuppested in
carlicr numerical worle (Aoki 1977) ind recent nusiericad expeniment (Ando 1952)
showing the exisiencs of a mobility edee in o Landuu fevel The Jocnlsation noenr the
centre o the fevel s then due to compmatively loag range Hactaations in potentinland

remeded as poteniin] burriers separsting regtons where ihe wevefunction is extended

bolow the Fermi Tevel States in the tails of the fovels vic locatinad by the shortay o

pofential, Therole eftemperatore indddocelising is tosemove the banier by explading
the bandwidth of cotemded vtates Thismeans th mobily

ahility edpe, Foomoves away frons

r

the conire of tie loviebwith inereasine temperatin

hos i number of possthle origins: such asscreentng

3
Fhistcaperatrs depondenee o 1
t

Jthe tempersinre dependence of the
Coulomb contribution to the locelising porentinl and therme excitation.

JEehe existunee of o eonduction puth througyh the speciacniswed wethe cilteron for
the proesonce of extended states then the frequeiey eficet can be explained by the

localisation lengdh boine the effoctive soccnmen fencth, Asscon oo the ac delit on
< e i <

N

becomes foss than the Jovsbadon loneth of sictes below 77 the plateau shoatd dopear,
Sinvilaa by whan the ac drift engih of election ai 1) bocomes Less then the Jouo
Jennth of these electrons the plateau shanld diseppcar opein, We note that ihnos Cotates

Lhon

in the level we weehv locadi ed o pliteaun with nog be found vhen 1y fios i these states

bocause of the Bich valoe of o, Hewever, o, will decrease rapidiv with decre

temperature whes Bpisinweahylocdned staies givingnise tuanepidinore ssoinplateat
fenpth, Such a pheromenon has been found recently in GeAS'GoATAs (Poslanca et el
1942).
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Gote voltage (1 Vi divicizn )

Fipure 6. Gate voltape dependence of inversion Liyer corrier density, s, for tva different
stthatpate biascondnoms - =V 00 - - Vi e =SV 010 L2 KOThe platean
isaberved whon Voa o =SV The steaight line i the caner concentiation obtaned lrom
How - Co(Vy - Ve o where the threshold voltape Viwes detemmaed from tlie poiod of
the Shubmbey de Haas oseilbation in the standard way.
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We now censidet the behaviowr of the Thdl effect throughout the Lo g lovel This
behaviony b particulnly clevant in view of the svpectings that the joesenee of Ui
plateau alcis the bel
calealate the nmmber of i
tisguardiy to the vead noalerpriven by CL (V= P )eowl e Voand U oo Cieralo -

svicw: of o whensttesat By e osiended, Ovr pooccduie i o

o biyer ciriess, i, Do e Hell eifeer vt comyp e

of apphzd peic volrage and thneshold voliage respeatively . We caleulas s from -
relation
. v 1 LY
Has = »V( ,',’L)(_(;” + ().l})‘ Oy, ]"‘f'.\)-

Wooefaten B the teils of Tandau Tevels me lecehzed thevatee of o obtmnod near © ¢
A ostat tatls of §onda level locatied they frr., ol !
cenveal e Lvehisnotegpectedtoegnn Co (V) = Voo However the e of el e
of o with ¥V, shonld Lo simpdy oo, provided the eaten Led atates e piving 1ise te o
‘norpeel P oflect In e Gvee showr, plotied epainet Vooriwo difforenteubsiva e
binscondiviog andacorreanonding presevve and abecnee oo pluteon v the spin .

18 seon thot, near e contre of the Toandau Tevel, o0 s batow the b crnnt
1t thot, near ¢! ! fthe ) tau Tevel i1
concentretion, and ther ties gbove 10 ax Vs mcreased, e hos indicating the reld
hthie contre of the plint

e eentie o e devel i g by O

value of corrier concentration pasees thio
1
!

rate of change o0, winh V) it
is absoent. Wihien the plateaoa e
1s evidoiree St the presence of the platewt region distes Gothe va

Ao ofthelovel B sause gl

iearitv e

nis prescut i

the region of estonded states nea Gie e
rate of chonge of gy with Vs ahwans diiforent to thereshy e lee s Howev:
inthe centie of te levebme veallviocalised th platene oot present oo
of chanpe of nyowith Vs comcet, The sane ditorence 1o bobavory beteoen plat
and ‘non plotcan’ cese s found when woe cnlondnte i, veing the saphned

expression coveloped by Sondo ol (1975) There

0, = Wy (Vike) o,

Ay
where & Bs the width of the Frndon Jovel given by T (00 s a)'™,) whore g is the
retic field,

extonded s

cyclotion frequency and 1iv the seattering tr o tnthe abrcnce efm
Thus, i summnry, these posubts gerce vith thearres that the

W

.

compansaies for the presenve of Jocahised stites in the tat of the level, When staes ot
thecentre of the Jevelare v cably Jocdieed the plateanof guentised Halbrcosisionocjsnes
present whea 10 s o the tal of the lovel and the comjensation effect on oy, is noet
observed.

This work vos supporied by the Science and Lngineering Reccnrch Couaci' M Pepper

achnowlededs jrariad suppoit by the Furopean Rescasch Gifice of The US Anmy.,
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In two dineepsions (M), constinciive clection quantions b
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scattering events lepds to o decicnse of the me o conduci noe ws g

perature 7 (Doevies mid Peppor TOSD) For siallelvg: o thiotho vl Kpop o et
mic correction inttiedly predicicd by Abialins crad (1970 Clor sreview see Uresscral
1051a). For @ square sample of side L, wt T 0K, the noinad” condu tance o

.
ne’fur® becomes o oy b Ao where

2
- (”(\ In ,l.’, )
ah
where nis the number of Cectrons per unit area, 1and Lare the clasiio scanteningy tine
and tenpth respeetively, met s the effective mass of the ¢ coron, and ¢ is s constnt of
the order el 1,
. At finite temperataies Lois the inelastic scattering Tenade Lovin the tensperatnre
‘ ranpe of interest thic s due te clectron-clectron seattering. 3 7, vanies as 709 then
cquation (1} is experimientadly observable as

[\‘ (R

L Cap T ,
AGio; 2h In i ()

0022-3716,52/32118 1 (0 802 G TUS2 The Institute of Phyuics L1137




L1158 Leiter to ihe diton

whoere Tois an appropiiete constantont pas o conaant For b and o Baber cleioon
!

clecivon seaiteringe the mean Liee e o vitkes o U0 henee 1 Vindes as

Picre sty e discs o reduves 2 {(Uion ared 195010 by,
Fhoctron elecivosinteradin b presence efhwo nloingparing
Jor cr 2 1080 By coe o the dogy ot e Ny st G P e v o ey

Foad

unicalliv v Foovcanit o oraniie, The contocinmee cov stk

e tons s i
( T .

A SR R )

| 4 ®

Where POl rer clure constantao D the QD el cooneeloch e s oveening

[EASCTRLIN

Loovan ;(.‘/\.vﬂ;w.i'.l]'

3
Plore A nthe Bornavasovectorand Aot nve s M socnine b - hidvpben oy
2
C ) -
Koo - NUD (M)
2oy

where e s the dich
Fisvecrvninooreset oo aanatbio o ctorennn o enthe
neld (Ulron e/ 200 Tein b oD e e 10y 0 s othe
ductoos oy

LN

dopioioey . Phisroad

RIS AR FY B SO SRR IV I IS I N &

SRS NS

ol NUOY due to BT s

asmcenvalbeof Poadas nitivani

- O . ey ~ ' . P . rl . . ..
o el pricgon enad Joo o ennn oo in

Ve Bve proviousiy reporied the cocning
the 2D clectron pes ol a GaAs GaALA Teterojup o,
dovicos (g - Boton InP), e

Lid absopee of oovalioy depeaciaeyesulinan pavstoe of ST of

mr{Poote era/ sy Inth wet
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ot

inter crence effoet and reducing the term Aoy Inthe presenee of spin orhit eog
afatho s comhactne conrection appears (Hikanad P20, Falavinoa TOSTY This cieet

iy

s predivted torettuin dnincrease iy conductance with docreasing temporatire., Howe
ever o foeoncre s s the spin orbit conpling s qirenched, feading (o inctease in
Ao botaittoaee pa (eneay tom the chinanation ot the contnbutionwith opposite

sipng o cophod Bt sl st brechang the e toversal svnumetry. thus ieducing
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tine ot ch e e ot elections oft spin onhit scattening sites wnd oo 10
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Tere vis the clastic seaitering time, and the fist tenm arices from clstic seatieiing
introducing i indetenminoey in the electien mosientum and - coneequentdy cantanced
rate of inclactio scottering with o low chanee of momentisn (i bohivionr was Lt

predicted by Schisid 1970) The second (7°) term is the fomihag Fandau Babor Jaw
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Figure 3 AR & plotted spainat ffor 7 - 22K (00, 72 27K () and 70 103K (0,
I'.l RN U\Hc\;\,v'h!.l.{ (o r’;|, S The full cotves are thiroretical colevhatons from
cquatinn (G)with i L= 8 0 Yy

First of all vee consider the case of figare 3. Here rgis alwavs less than 1 thes for all
7 we observe only nepative sicwhich inereases with talling 7 ductothe inaeasr in 1,
piven by equation (6). 1, has ooly o small effect on ARRL Tewever, in fignte 21, is
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conprerdblo with o at 42 Kand ooy Tess thar a0t T2 L Thes in G cne o 1
is redueed the posiitee tiewitl inciessingly dosiniie. conang, the copment okl of

PR - v/
temparoture dependonce of AR

14 /.
It \ | N\
e . \I :
\,‘. ¢ !
h I\ i
t \' K |
t: [N N J
J- J s !
] N
2 N ’
24 I | 1ot ' ©oa o !
1 2 3 A 1 2 3L
T(n} Tl
Vigure £l (o) fon el L el Al
Fyos 305000 N TR I LA P NS
(SIS RIS Stk hthoecsthio e e
€ throwg b aiidbinduatean b AT+ B Lew (0 ila oy

a velue for po Lo exticrted. po Dand o for Fys vsmeN ().
respuetivel, .

In figure d(a) we huve plotied e guantity 1700 aeabwg o dos Fo RRO308 e\,
where 1, has been exirected from the s ef cquation () to e ex o inorte b data, T
allows the vidues of the constants A7 sod o be foand where ecquatios (o) ivieva innen
as

Vies= AT+ BT
From figiie () the constunts A S5 10U ST K Y and B0 0 fon 7 = 83meV
(el = D) A == 100 s IO P and B0 52 2010 G THD THor 1y A aeV (G 8.
Thus in bath cases thie finst term of egrntion (7) is domvnating indicating asvsivns viih
ahigh degree of disorder. Plotting In q, aewinstin Twill pive astis
as shovonin figore A(0) over the smiall tange of Twe have connedored ) T aprossing 1 s

v e relanersip

a componite of the tvo Jaws, the gradiont of this plot pives wovalue fon Uhe constnt 7 in
cquation (2) which becomes Tand Tt dor Ly 85 ond 205 meN rospectveh s i
interesting 1o note thetwhen yd = 1ihe 17 component of clection clocton seaticring
is alost campletely gquoached, Presomabiviihe fact thas theomdeten ooy N - 4

results in the virtual camination of cothi=ions where the chanee in A can b preaier th
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Aky We note that il use of the evpression dorived by Abiohaae coal forr e s in
acalonlated tme whivho i approsisadely ac factor of T 70 kb ey than e oo
mental volue of TG Ac the valves of 77 ave =~ 22180 (&0 1) aod 115 - 007 W
(ky?- 8, avcecmentis poor. Furthonmore the readis for Al Dwhon placod oo
form of digure ) howtd shiow Oret 1, Tvados by s fector of 2 eviveen T aa 0N
i n (/7T ) teimvas present. Voveever, the covtiiciont ol o Toonposa oo D vy
by tiwe expected ratiaof Swhon b/ (or oy isvaried by e fctor o Ds 0 VWo oo el

that these tesulis do Lot supmeit Gre existenee of the In /7w o
cocfhiciont bing ol the form AL s whiere A ds s conntant Anteon o botie sy \
and capobnent o obtoined for e - )00

Fhe prosence of shang seine orbit scattening Lo oo boeer i oot LN

tesgroicttic dependunce of the resistinees Thlera oo (10 vood o by o

T, e, Ao, vatics ot Ll the vere vith 7 as doos e orgcin el oy r
Ao, (civen by coveiion {2)) bot viti opposite e Tiu s the e 70 w0
e < 3 i / I3 <

decrecse as 7= 00 To Jook for v effect we ncasuied AR G 60 S

Gl

ranos of By, some 1esuhs boeing shown in figae 5 nonnyg o

25:--
20 -
. [+% N
¢ o V- b
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o «
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10

TK)
Fipore 8. The percentage charge in R, AR/R, s plotted apaimst Pnornalisedto T 42K
for varions values of £ The full curves are fora pinde ondy. AL £y E3me Vi 1730\
C,207 nieV, D, 305 eV,

is a deviction from the logarithmic dependence upon 7" predicted by cquation (2),
especially at high £y The pronounced flattening” in AR/R with falling 77is due to the
increasing deminaece of o, over o, Notuinover in the ditection of ARR s seen.
So far, however, we have neglected the contribution to AR/R from the clection

clectren intermnction piven by cauation (3). Even i the it of snong spin- orbit
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seatteving o turnover in AR shoudd be seen vt its pie of Chenpe with 7/ exe cds
that froninternctions, This condition will ovour when, from eqeations () st (3).

aplis (- 1) ()

vlhicre it ol it vl F g and A = - Ao

It

. ! . .. A 1]
Uhivtoniorerens for oup dowe L0 dovice AR ol

TR (":*';:nw ducction since.
framable (1o coss don (8) Is med sotinfed 1-‘, I )‘.k of Py (vhare o Tardpverios
fioov o Latar B 83 meN and HomeN e Ahih "zv’lﬂ't’ s ke 0d
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defimest the dimencdonlossvondociznse g ol Ganmple alvize Land dimensonaliny &,
T S

o (‘/,1)‘[,'/_" -

Acseating function fivea thon defimed by
¢ / dlng
) oot

AT o

Fhe Hmitine fores of Ui function nre known s AAT I Goamned ot fDwes a anoothly

v ibeonys TN B not boen tiroronsty proved theoreticedly, and

varying function ol zonlvbhetweenthese it v asummption thai the iuncton exists
i bisde o the sl
compter siiaies Tiove praduced contdcting resulis, cov must (un to eaperinents o
test Gro vadidity of tiis cesumption,

Vhe resulic ofvchic e tarepevsented heres A tsealing function” hes beenconstrucr e d
from rracurencnts of eonductivity apamst temperature on aslicon inversion layer. In
this systen the cleciions form o two-dimensiona! clection gas so that (as d = 2) e p

and analysiy s conphifiod,

To petfoin the coalysis some acampiions coacerning the reletioaship between
Iength cod tepomtne mustbe moede . Asdiscussed by Anderson ce o (19720) npct 1laveh
and Kol (1oshag, the dlivotive feapth s the distanee the electton tuavels before betng
inclastically seasiered, This gives, in the weak seatterina limit, 1o (D) where D i
the diffusion cocfovient and vis the Bifctime bepseen imclasiic ceattering ovents. As
v TP this pves 2o TP Mepnctoresistanse meastrements (2.g, Kawaeudchi ond
Kawuji 1OR0, Urer ara! 1951 have shown that electton electron seattering is the dom-

1 Nov st GUVO Nosvcarch bt sreagies, HD G Reseaeh Cennre, Wembley, Mideses.
P AL at GO Rese o b obosatones s Resend Contre, Wembley  Midilleex,
EPero amentadihes iy ac Do erteat Pua-lan U eraty, Rt Gaa, Iaeel

© 1953 he Tostitate of Physics L2865
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mant inclectio e cchanismy, piving values of o betveeis D agd D depending on the vidae of
,[1/.

The arpaeent, prosented hore do not aesme any pootiont s fores fo s velntion-
i

¢ (‘\'ﬁilx'xl.

ship, onlv that it well belonved masen e wlhichw
Jiis poseible todetine oo teapermimenialbsosbog tnnction” Ly

. alng

[

alint

ot
g ho'cn

This can be reliie Vo the tres fiTuncion by

wheic
alnl,

aint’

v
. 2 N g > 2 .
ciion T () s Ty P2 aconstant, We
mahe thenore onored cvupen thet i s e idon ol gondy (v 7). Thenlas by
hypothesta /i o we fin o va shomid W o benendversaHuncton, 1 p(o).
Such @ funciien s boon o trecied fross datn previousdy puliinhed (Davies and

Popper 1952) Avonlhy adircte pumbor ¢

With the comvantiond iutei;

G podnts were avalablc ihe derivative

Wos appProxnes ans g derl botween oot pointa

f A ln CAlno
¢ Al AT

and the g valve wastenen as the ican of the two values:

(PR 2("

¢

Sotereprosentative resuits, forseveral cariier concentrations, are shownin fipure 1.
As can beseensthe reaalis do ot it on a veiverad curve rather the results for each
catticr conccnteaen fiton s parate corvess with dlopes opposite to that predicted by
the secting theery. Tor aloo secn that the saree vatue of £ s foand for duferentvalues
of g Hore we sties that slihonsd there pie caorsin £, the value of gis quite proevise.
Henoe s chean that Gre et aveell ditineanadie of 5 foraparticelar value of g

There are three possible conclusons from s, which will now be considered in tum.,

(1) Vlectron cledtton interactions may be senificant. TEis bnown (Altsaualer ez o
1920 Fuliuyams 1Os9 Foneh cnd Mot 19STo) ot the paesence ot impuritv scattering
) i i ) ¢

clectron clectton interaction ala pive aterapeiaure depepnds nee i the conductivioy,
The scahng theorvis oinele cledironmodeland so does noting hide these effects, Ty the
weak seattering o by Ulren ere! (100) and also Uren era! (1901)
that these effeets o neelinBle i Seinversion Livarein the abaence of amagnetiv field,

Pt was Hist s

with subieqgient theorstical jusiincetion by Kunehata (195000 o the resime of stiong
localisation vartabler mpe hoppine has been wid-v obeerved (Mot eral 1975) TThis s

absoasingle clecucen diect, A Conlamh eltedtsare notimportant i these limitmg canes
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ciice ed i e Yo g

pPaoinin e Mt e nored thaat per ot

values of o fornd bolen 003 E T e 2000 T cven, e oo e e,

LR . . ! v
Jercabination o at o tuinporotos He vadee b g o

condictonee, dorest e o

that it oe cul docalission) o Ny e strons deticase b, woun

ot stpary (evponcml Y oeehisanen,

HseepE reosonabie (o esmne hnt they are not important in the intermediate region
cither,

(i) The assomption that v o) isimvalids Acthivis soch an baportent assumpdon
s worth imvestiznting furth e In the weel seotening lmit 1t is knovn that 1=
(DD There s however, vl ol soreaneat i the literatere oser what thie appropriage
formis when devictioms o nietatlic conduction become impartant. 1 the unpertunbed
viluc of D is usedowith oo 77 Pothen y - P20 Alternatively the peiterbed value of 12
can be used, As the conduetivity is proposdonal to the diftusion cocfhciont. D 7 g,
Lo g1 o that i this case v P2 = £ T both thiose canes 3 Ax), so the
asswmption is vadid, 1ehas been supgested by Abrabains aoef (1951 that the elediron
clectron seattening rate v, in fact varies as

1] o Tl (1,/7)

[

(with 7 = 3.6 X 10° (5 )Y for the deviees used). In this Gise

]
e:- R
! ’(] In('l'./'l'))

This quantity varies from o constunt by Tess than 87 under 2t the experimental condi-
tions; this is much Jess veay the vaaiation aceded 1o explain the sesalts, Fernthennone,
recent experiteents do not support tisis formala and indicate that the In7 tenm is not
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prosont or s corsddomnbly Tt Abrahams of o {1981) propase (Peole ef wl 1982,
When et el 190 Drevics and Popper TUN3),

Finally the guestion of the tansition from a 77 0 o 7 electron clectron seattering
rate must be comddored (Urencred JUot) In the Bigthowoaperature andsocaki seativrning
Jiit o 77 depond . nee s enpeetad with a T dependaiccin the opys e te it Thie could
produce deviotees fresy wouniveral cave of the e found, bat should become Tess
impos ot at s s of g vhon e Tdependonce shovkdaivays dominate. The
He s dacrol saved,

(i) "The thiced, coad only reraiatne s possibility i that the as-uiniption that o one-

pariatcte

pscaling fui don cxintis oo valid,

s interesting tecenaidorwho rch tinnahip beteecen tength oo bterperatus o weald

berequired torer Lo dho aesulecone T ontvath eendng R HA CEN IVANERN ]

avwistion of Lo Lo Pveeeid berequived it ot hish temgoaciures (1K)
! N i )

vaiicticnos o 7 Rewe povie

oA ow [SGTIIEN

be the sanaes for awide rores el conductivinics

and carier donaitos We e not cvare of sy pacdicions of such e temporatere
dependoney,

We e thoes fonccS mo the conchdom that o sy

parameter el

ihcory s not
.

applicabivtotho e ey e

Incu canber v i D evicean TR er 1O we toead that the tempei tare dopend-
e of he condictiviiy could bo woll deseribed by @ power laves o 0 o (710 Ui
rebationship slovtd sive oconsGa coparaentad sy fenction: fioo- -y However,y

the seepnitude of (0 frcaes vih o which i dneos istent with Ui, Tategration of

P - goivesthc o

rathes theer o = ol (707 This disoroprney proswmpied o carefu! chiecl of the oripinal

curv ditting, Syatenstic dovintions were found between the fited curves and the data
points. Iy clear s the e is above the points on intensediate temparatures and bolow
athi;hondl
tions in the apposite drections,

The reason for thi becomies eppraent when the two forms are expunded ss povee
series:

ow toiy . ciures, The forevo = gl b yinld /)] was fomnd o give devie-

a(T/TO = o (T4 yIn{0/y) + Yy a4 .00
cof() = y (/1)) oV y (T Ty 4 [y I/ ). i

The eaperimental resnitc indicate that, as far as such an expansion is validd, the second-
order teran’s prefactor s avalue between buand 1

In conclusion, the slidity of the arsumption of the sealing theory of conduction his
been experimentally tosteds A fsealing function” has been constiacted Batit i not a '
upiversal function as e AALR theoryrequires and overtepping salues of £ foned
depending on g and Formi enerpy {electron density), Viarious other possible canses fo1
this disciepancy have Feen considered but none has been found capable of explaining !
it We thas conclude that d one-paraseter scaling funsion docs not exist,

As previous work Lo indicated thet exponential localisation is present in the band
tail (Mot ceal 1975), this picsent work indicotes the presence of 4 mobitity edod?
separating expontentiviy focadised stutes frony swealkly localised states. This has wloo '
boen supeested on the Basts of theory by Thaydock (19a1), Favelind Mot (1atac by
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and Azbel (102) Ticalzo o apreement with own e lier resulisindicating excitation to
a moebility odee, the focation of which was not deterigined by an joclastic scaitering
cut-oif, Lo, the locaden of e edpe was not temperatue-dopendent. A quasi-mobility
edge produced by inclustic centtering i expeote f all states are exponentially Tocatise d,

assaprested by G sealingtheaoy,

We have eajoved pnny stisioisting discussionowith Profosoor Sie Nevilt Mottt and 13rs

JI1 Dravies and ROV Dlavdodin Hhis work was suppoited by SFRC wnd in part by tie
Furepean Roseaeh Oifce of die Us Aumy, ROA Davies ackeowledoes an SERC
Researeh Stedentsdnp, MO Raveh thanlee the Foval Socicty for a Guest Recsinch
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The sificon inverst o ayor has beceme vory popular forinves ot
hwiy Gioensd
of dicerder us Ui O
concentration, Jn ticvoik vwe prosant experimental g
of cncrpvioa frace uhottwo-dimensional clection g

[
A P R A S

aslclocironaysionn, s paiticuind,

sean Hee pathmay bevariod shimply by ol
Pthoeoreti

ROERICT ISR

R

Toies the theory of oo eaporimo o

iz dividod fato thiree mintn parte, Phe firdg eap

second briefly desodbes the expopieenial techngones and finalh

TN O OSSO
naticn of the ofserved enerevloss ot .
Arcording tothe theosies ol focadisation there is o coricction te the vonducii iy 1

two dimensions (v.p. Gorkovei o 1979, Raveh and Mot 1961):
Ao - (el 2200 n(a,/7) ()

where ris the fine! itic seattering time, Tis the ehatic (mpurity) scattering time, o, is
the vitloy degenvieoy and ads a constani of ordey 2,
The inchistic soaticring time follows a power law dependence on temporaine,
¢ i :

e 77 piving the expression

Ao = (noape’/2 Wy In(1/T). ()

Ithasbeenshown by Afshulerer o/ (05T and Pukuyama (1980 thatin the presence
of impurity seattering the Conlomb inictacton produces oo sl coireation
condoctivity. Thes: loearithmic termaowere finst obaerved by Dolan ond Ocheredd
inthinmetal i anditwas Liter shrown by Urenerol (JUsiy izt both tenmsane esent
and can be separated by the offect of wmaognetic fold (Davaes ered 19651, Ures aal

10 the

10T

1 Now ot GVO Revaeh T aboratones st Rescanh Ceptee, Poot Lane, Womb' v NG ey
1 Al st GEC Kescarch T aatories,
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1051D). Foy the present voopt e ned dnn it e bl e Jdomidnates. only that the

conductivity is deterined by e cleciommmperature Howover, we poist oagthat in

the abserce oF e te oL aniv o ol ion i oo i siticon prrcension Tavers

(Ul'k‘llt':’ ! ]".Q‘.i\),
Fhore wre tnee son

seattoring :

inchatic cloctan plrsois b e He conestivatothe enndic ity wilt doeeind on

sten iy ihe expernsnents impunity

1 1
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bl Uion

[}

the fasteat . et
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1
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veee e clocie s

neentef sl oo nten e Neceerey boadate

: e
dire 1o i s v e b s the on

postulaicd by S oson cnd ol T o esplaiintie rerutis o Dot el Ot (1),
T this e o the ol ot pesaiane will e untid feteady state s entabinhod by

the enersy bolo co comdin n

1
1,007 [/ e d7 ()

t

whore Fosaheeloctiicdan b Toand Toare the d

R

foe mrd ol chion e e s pospee-

aed 1, dea chivactosstic enarpy Joss timie,

tveiv. e it v eliciremspocitin T
Hhe oroiovioss tin tallow:

\ copower Lo o pend nec oo clection tumg
oo foirn o, o 40 then o doparitmie vorindon of condicivioy with cloctic fiokd is

Aure of

expeetad

b 2

dnoap o .
e ).
24 L0000
As the condvctiviny ivdetermined colely b the elecion temperature, compaison of

chion tempaiatiie o e

¢ Ao (1)

the electiic el ot tery ronige depoindiences alov s ol
Cine electvie S0t Thus we see that the conrection to the

ascociated vt cachiveloe o
conduciivivis Do v d e a thermoreno tonsceyme G clection tenyparatune,

M owe s a free clecirenvalue for the spevific heat:
Cot el i ol (5)
then the evpressioncan be evaluated as
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Hence 1, asa fuaction of el ctron ivimporatine can be obtained iomthe expeiiment.
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to achicve the low tomperatres used, Detaibs of the method are given by Uhen eco!
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Porescothe conerpi ol clectron teamperature v valid,

ety Jove tin
(i) ke mahodie apalicalle frcapective of thevoutee of the thanpereinre depend-
ence of rosistinee, The presonee of weall localiv dion dliows it o be extended 1o Tow
temperateres whore it nermatiy ot be apphied,

() Iehas boencaczested by laveh er o (1030) and ol i (1451 that the elecnic
fickd coninlvonce woak focalivatim divecty Thivwonld inviidote the mothod, How-
ever, Alishotor el (JUS1) hivve Comstdered the some possilitov and found that no such
cffectshouldesist. Faperimentallv Usener e/ (19510 and T eper o (1931 have fouad
simifir non-chide citects at Lerpe and sapdlhmecnetic felds e temperatare depend-
ence of sesistance is duc to weak localisinion atsmal! vidues of the masnetic ficld and
duc tointeractions at lurren vatues, The prosence of similer non-ohinic effecis when the
temperaimie dependences cre from difivrent sourees shows dist featioe is respensible
for the cffect. Lven if a new lenpzih seale were established by the electric field i the
absence of heating,itis much Euper than the inelastic oagth and so does not play arole
in this analysis.

Vo derive the enerpy rctaxation time defined above we fntrodece the total enerpy
loss rate defdr.

defde = e (02 17/, (7)
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vhoro X LT Laost VA b defommation potcnniabwhich forsms s dependent
only on the oticatation of A oand s independont ef it moenitude, T recds o be
moditic o tale o cconn e teosdimensions Trntwre of the election was clunctions,

I the place of the inversion Tiver, momentom s conserved, so Ko g I the

ditecion perpendiced i the iversion Lever momentuin s noteonsenved. There isno
coupline beiween ditioren cleciion stutes die o providedthaty < Do where wis
the widiho of the invarsion bver, The only effcet of the Tnpe width s to multiplys the
matris ciement by asealiny factor piven by the ecprad 8 oxp (i o) 4 deowhere
Y, i the wavefunction poipondivelan o the imerdon laver Forg -7 T tns facton is
aconstant independent of g The clecuans seattan from a three-diimensional phenea
distribuiion, the two-agimensional mture of the clecuon system beiag reflvcted in the
cffect on the matriy element of the election phionon coupling

i

AT, g) 173 [V (o g ) s 7 oV (g) (1)

When the elastic mean free path of the electon becomes shotter than the phonon
wanveleneth, the matris clement Lalls (Pippand 1053, The cortecnon factor multiplies
the squane of the matiix clemem by o factor ¢ L Vor the tempezture range of our
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As expected i the temporateres of the dectron and phoion gases are the same,
onfotis zero.
Vinally, chiang Ly the soniover oin de'dnia en integral gives
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Phas scattering hoiveen phime wove states gives the (:‘J"cr\'cd depondence of oon
clection temperatuie Tor the sanple vithe S Jongest clastic ean free path. The 7,7
depeadence of s ohaaned atfow values ol f(iere 4y, \\hl;h sugeests et isaresult
of the Crorder. aveh aind Mot (0951 sive us a mod el for the cle Slniostates n u
wdaestens which provides aonicens of including Slordar in

disond sed wo-diinen e

calcubaiions bused en plane wave "&7 spoce; thus the e ded dives asiepte means of

extonding 47 wpaee caleniitions o cover the disordeied coses T the g wnd Mot
thoeory an cleciron state ,’i,‘ fosthewavelonsion

[} =l ,ml‘ P (23)

where |) "'i”" N )""" s tiies, pois aovector i the two-dimenss sl plane with
P gt Tand voedeendeatof Land p,

e chectron states e et plane winos we cimnot 1*.11‘ Looog omthe deformaiion
potentiat iy cleents W nust c\'.s!wt.* the meatyix clerente using the o it aleigen-
stetes, Jhwe wee e Toaveh oo Ratt meadd for the eipons umxllwnlhc matin clement
Tas the form

U,

[l Vot V7 (24)
and the aver: pedvatue now i
(Giients OV ) (23)

Wherov e this o derive dedrwe olnedn
SAQET 1Yy s BT -, ]9

For simell values of Tihe second term will dominate to given an encrgy relaation
tinic

Iz i (/ ‘;)
1 S . 2
Joe= o G 27)
or
.o T for T T (28)

Further work is being carticd out to determine the values of the coefficicnis A and
B, wiich scelo with Din e some way, Tois believed that A, B scale as 7, which would
give

defdt = CI(IE -~ T0) -+ DACE =~ Ti) (29)

where Cand 12 are constants.

This is consistent with the experimental results, Tn the low-disorder, high-tempera-
ture limit the enerpy loss rate inereases with increasing 7 (corresponding 1o fncrcasing
carricr density). In the high-disorder, low-temperature limit the encrpy loss rate
increases with deercasing 1.

We have investigated the rate of loss of energy from a hot two-dimensional ¢lection
pas as a functiom of clectron terperature for systems with varying degrees of dicorder,
It s found thit 1the enerpy rebisation time 1, viauies with electron temperatare as 7, % in
the low-disorder, high-temperotore limit. Thisiesultisinagreement with the theoretical
result for scattering beiween pheie wave electron states via acoustic phonoas. in the
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high-desorder Bvwvaremperetare loit v s found toviny 2 7 2 whichis in agreeineit
with o caleuldonwaing the Novel and Mottodd for e elcciron states in a disordered
two-dhnepatona! s

We the b brede o 55 2l Ator, De TH Davies and Di B Kelly for useful
dhaucdion PO Payne and DA Davies solaovdedee SERC Rescarel Studentships,
Fove-termertorcrnce oo eniowere pafon eed atthe SERC Ruthorford Luboraiony
wo think T ST d e bund Tir G Repon for thein helpoand advives This work was

supported by o R sed o in by the Duwopesn Resemch Olfice of the US Army,
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defects etel) mrterial a pesesniny requirenent
being a unifore cbomne] thickness over the device
Tength, Ve are stil) uncertain as to the cause
of the orcillations althouph clectron ordeving
does not seem untealintic. Fipure & shows
typical wreillations ohrerved for a KEC TRET and
a Yinesr plot of Ny apainst peak dmdex Mo The
deviation from a otraight line for high Ny is
probably duc to judincernible "nissing' peals,

pate

699

against B

The

Centrad Vo

Prof .
to wheo e
Prof.
Dr AL
useful
SLRE
Office o

e —
i
i
er i
e l
g4 !
|
[3 !
g [} :
1
‘ / !
3 i H
g {
a I
3 ¢
I ’
PEC T AT o .
Tecaa !
. i
? /“ |
; |
1
% ;
[ S {
. f ]
15 2: o
s b0
Fig. 4: Gypical cs Cro i reeion, vitl
hine for a cc Yool ihy g i
shows the realor U TS S ) :
Cat -t Ul
Shefficla taf : ¢
pLhL [
.
o
Sir 4 T,
| USRI Loaer g

i

[FIS

(81
(91

{101

Poole 'Y,
and Myro
Pepper M,
Foole DA
to be puhliste
Hikand 8, Lavkin AT & :

Prog. Theor. Phus., f %, 07
Kawabhata A, Suiid frete Cr-en, A
431

Poule DA, Peppeos
Phys. €, 14, 1935
Al'tacunler FLoasd Arcoov AG, 1270, ralid
State Cerun., 3%, 619

Pepper M, 93, 3, Yhws, 0,02
Pepper Y, Uren M3 and 0.’:—:]()" :
Phys. €, 12, 1877

Pepper ¥ and Uren M3, D982, Phys. €, in
the press ’

M ard Glew R, ©7Si1, J.




Physica EVIOL PEVR(GOn3) 601003
Nooth 1k o Petit

c Coiipany

PLUCTREDN 1OCAT YA T00 ARD THE QUANTIZED BALL RESISTAL

)%}

J. Wakebayash i

Taboriatory, Uniy

Bopan tee nt, Ui

wity of Coohridoe, Fnpland

of
ratory, University of €

691

P2OSTLTICOR IRVERSION LAYLYS

3 .
H.W. Myrvea ) ard M. Po].;n-l'(

’
Nijrecen, The Yetlivrlands,

midye and Geaeral

ctrie Conpany, PULLCL, Bivst Fescarch Centre, Wenbley, Euplot,

Voo hove dnve
spdn eyl
Qee) €1
based oo

ranse pota

alication in ctiany

theorica,  App i
electroas i 1t

Hall vonistan Jowest valley pop.

The ohoorvaticn of d plateasu

bebiavions o 8 S RTR ARTeT
¢l siona! (L

ficids b aitian

(UY Tid 'l‘n Ty
[RERERTFSNCE Theoretfeal dieey
[3,4,070 o0 the ceniition for tie

Trect oare loead

i dextemded stoten

>
vhavrvioticg
at the Yogo!
bodow b o
Hoil e

an o vper et

reducticn of the

oo Tror

Heau
| ST SRR SEN inforration va the
eliot Toonlis
Lol froeled
for suh el
(&3

H
the exicloince o

G T evnien dnoa strong

"

e there o
Piveate DT, aot theerten 19 Wi

Liehly corpelated
as pine d Uis (or glase) o1 piened
chorpe it Thore alio exist esperis
peental [ 1o o creteal {140 dnvertg-
gaticns which folicade the oxistence of a
vobility odp dn tic ficid, Ve
between the

T Juvestipated the :
formtion of the pla 4 the electren local-
ization using wetype fnversion lavers forned on
the (10D) silicen sorface, The sauples used
wvere MoS Hoel) P Baving a 400 .

50 ut vide chacee]

Tong an

o paivs of Hall probes
located equidistantl, alowy the chanoel,
Measurcwents wore a.e, and vere perfonnd on the
plateav appearing i the spin pap and in the
lovest valley pap of the greand Landau level,

Figure 1 clearly illnaryates the erueial vole of
extended states bolow g Vhen both the lovest
spin, Jover and higher valley, levels are
localized, 1.0, ¢ throushicut the lovels
decreanes with decteasing tenperature, the
platean dis not forued,  Here the conditions for
0.01 A are such tiint the lowest two levelsn are
loraYized, Tt i seen that increasing the
electron terperature, by fnercasing the current,
resulta in the appearance of the platean jin the
spin pap dndicating forcaition of extended states
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