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ABSTRACT

The objective of thiswork, isto study the transport mechanism contributing to the low temperature el ectrical conductivity of a
two-dimensional GaAs hole gas in the metal and insulating side of the Metal Insulator Transition, for T less than 1K. We
reanalyzed the data obtained by Qiu et al publishedin[R. L.J. Qiu, X.A.A. Gao, L.N. Pfeiffer and K. W. West, PRL 108, 106404
(2012)].

In insulating systems, the electrical transport in a disordered system occurs by the phenomenon of Variable Range Hopping
(VRH), whichiswidely observed, analyzed in several studiesand described by o = c0exp(-TO/T)P. Inthis case, the holesmove
between localized stateswhile traveling different distances, giving rise to two regimes:. the Efros & Shklovskii regime (ESVRH)
and the Mott regime (Mott VRH).

For the metal samples, we studied the temperature dependence of the resistivity p and itsimpact on the metallic behavior of the
system with high hole densities (when dp/dT > 0), beyond a critical density (psc=0,8x10°%cm?). The results were verified
graphically and confirmed by the percentage of deviation method. © 2020 K nowledge Empowerment Foundation
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INTRODUCTION Inthe 1980s, all two-dimensional electron gases

wereconsderedinsulating at low temperaturesbefore

In thetwo dimensional hole gas system, several
theoriesweredeve oped to explain thelow temperature
€l ectric trangport phenomena. Research continuesto
study the conduction propertiesof thetwo-dimensiond
system when disorder and interactionscompete. This
led to studying thelocdization of electronsand probing
the insulating metal transition in GaAs/AlGaAs
heterostructures.

thediscovery of SV Kravchenko et d'¥. They observed
ametallic behavior in St MOSFETS, explained by a
decrease in resistivity p when the temperature T is
decreased. This has been reproduced in various
samples, including GaAs/AlGaAs heterostructures.
Therefore, research laboratoriesand researchersrush
for the theoretical understanding of this mystery of
condensed matter physics.
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In thiswork, wewill try to model experimental
measurements obtained by Qiu et al.l?, in figureto
highlight phenomenom than can occur inthemetallic
andinsulaingsideof theMIT. Themeasurementswere
performed on GaA ssamplewhichweregrownon (311)
usingAl0.1Ga0.9Aswith amobility u=>5x10° cné/Vs
inthetemperaturerange 0-1K. Thecarrier dengitiesp
vary between 0.55x10%°cm? and 1.33x10%cn1?. The
critical density p_~0.8x10"%m? represents the
boundary between themetallic andinsulating samples.

STUDY OF THE CONDUCTIVITY INTHE
INSULATING SIDEOFTHEMIT

Intheinsulating systems, the electrical transport
through adisordered system occurs by variablerange
hopping (VRH) phenomenon. Carriersmovesbetween
localized states while traveling different distances
although the energeticwoninterval isthesame. This
conduction can be provided under asingle particle-
hopping modd or acollective hopping.

When the Variable Range Hopping Conduction
(VRH conduction) ispossible, we definetwo regimes:
Mott and Efros-Shklovskii. IntheMott VRH regime?,
the electrical conductivity o is proportional to

(3] ot

oo[[)°

WhereT isthetemperatureand D thedimensiondity of
thesystem. Moitt derivesthislaw by assuming aconstant
density of states (DOS) at the Fermi energy. In this
mode, Mott ignoresthe Coulombinteractionsin two-
dimensional systemsand the hopping conductivity is

givenby:

oc=0,exp|- T
(%) ] @

ES-VRH regimé“ isdueto the Coulombinteractions
between carriers, which producesaCoulomb gap (CG)
around the Fermi energy E andthe DOSisproportiona
to |E - E|for two-dimensional (2D) systems. In Efros-
Shklovskii model, the hopping conductivity with a

Coulomb gapisgiven by:

o =0,eXp [—(TTES) ] ©)

with T, et T_.arethe hopping energiesin eachregime
and c0isthe pre-exponentia factor.

InFigure 1, weplot theelectrical conductivity o
agang thetemperature T only for high carrier dengties
intheinsulating sideof theMIT (p < pc). Wenoticed
that the conductivity increasesby increesing temperature
indicating that thesamplesarewd | insulators.
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Figurel: Electrical conductivity in unit of (€¢/h) asafunction
of temper aturefor different carrier dendtiesintheinsulating
sdeof theMIT.

Intheinsulating sideof theMIT, whenthe ESVRH
regimeoccurs, thedectrica conductivity oisdescribed
by equation (3). Theparameter T__ present thestrength
of the Hartree interactions that only depends on the
carrier densitiesin 2D systems. T__ isrelated to the
locdization length &, whenthecarrier movesindividudly
(uncorrelated system) and given by:

C..€’
T = s oot “)
where CESisacongtant characterizingthesnglehopping
amplitude. CES=6.2in 2D systemsand CES=2.8in
3D systemd®®, eisthedectron charge, cisthedidectric
constant and k; isthe Boltzmann constant.
However, whenthe Mott VRH regimeoccurs ois
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given by equation (2) and theparameter T, isequa to:
p

" TiONE ©

S isthesingle-dectron hopping constant whichisequa

t013.8in 2D systemd® and d=2.

Figure 2 shows respectively the variation of the
éectrical conductivity asafunction of T-¥2and of T3
in the temperature range 0-1K, for severa carrier
densitiesbelow thecritica dendty intheinsulating sde
of theMIT.

By andyzing thisfigure, wenoticethat for thethree
samplesrespectively referenced 2, 3and4incase(a),
weobtainsraight linesin good agreement with equation
(3) only for Tintherange[0.18-1K].

For T less than 0.18 K, we observe a change of
dopeof thestraight linesindicating no evidence of the
existence of the Efros VRH regimein thisregion of
temperature. For samplereferenced 1, we obtain the
same behavior with aslight change of theslopefor T
lessthan 0.1 K.

Regardingto case(b), weremark that for thethree
samples respectively referenced 3 and 4, we obtain
straight linesin good agreement with equation (2) only
for Tintherange 0.15-1 K. For the samplereferenced
1and 2, weobtainastraight linein all theinterval of
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temperatureindicating the existence of theMott VRH
regime conductioninthissample. Except inthe case of
samplereferenced 1 and 2 for whichweobtain agtraight
linewith the same slope over the entire temperature
range (0-1 K) which could suggest that in thissample
weobtainaMott VRH regime.

This analysis shows that is difficult to choose
betweentheMott VRH regimeand theESVRH regime
by using thisgraphical method. In order to dispel this
confusion, wewill useanumerical method based on
the cal cul ation of the percentage of deviation(”8.

We consider the general expression of electrical
conductivity asafunction of temperaturein the case of
theVRH conductionregimegiven by:

c0=0, exp [—(T?J ] (6)

Where S= 0.33 for the Mott VRH regime (T =T, )
and S= 0.5for theESVRH regime (T =T_).
The percentagedeviationisdefined by:

Dev(%) = [%2{16_00(0 exp {_ [T?”—a D] @

We plot thevariation of the Dev(%) asafunction
of exponent Sfor each sampleasisshowninFigure3:
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Figure2: In(e) against T¥2and T-*3for different carrier densitiesintheinsulating sideof theMIT.
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Figure3: Thevariation of Dev(%) asafunction of exponent Sin equation (5) for sample1,2,3and 4.

For sample 1, wenaticethat theminimum of Dev(%o)
isequa to0,3. Thisvadueisvery closeto 1/3indicating
the existence of theMott VRH regime conductionin
thissample.

For sample 2, the minimum of Dev(%) isdefined
in0,18. Thisvdueiscloseto 1/3indicatingtheexistence
of theMott VRH regimeconductioninthissample. The
jump will occur at theenergetically favorablesite.

For the samples referenced 3 and 4 (p, = 0.75
10"cm? and p, =0.78 10"°cm), we observed:

e Forp, = 0,75*10"cm? S<0,1 at T <0,15K and

T> 0,15K.

e Forp_ = 0,78*10"cm? S<0,lat T<0,16K and

S=0,05a T> 0,16K.

Dev(%) increases with the exponent S without
reaching aminimum, which makesit possibleto reject
theVRH hypothesis. Thus, neither conductionregime
isdetermined to describethe mode of transport for the
two samples.

We conclude, that for only thesamplesreferenced
1 and 2 (p;=0.55 x10"cm?and p_=0.63 x10'°cn?)
respectively, theevidencefor aMott VRH conduction
regimeindicating that thedengty of states(DOS) inthe
vicinity of theFermi level E_, iscongtant. Thosesamples
arestuated ontheinsulating sde of theMIT and quite
far from the critical density p_~ 0.8 x10°cm-? (S=
0.3 for sample 1 and S= 0.18 for sample 2). The
samplesbecomepurdy insulating (according to equation
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(6)) and Coulomb interactions become weak and
neglectedinthesystem sincethe conduction mechanism
according to ESVRH hasnot been verified. Different
authors have observed these two VRH conduction
mechanismsin other materia $%2.

STUDY OF THE CONDUCTIVITY INTHE
METALLICSIDEOFTHEMIT

The metallic character is a manifestation of a
del ocalization of e ectronsthat resultsinameta having
afiniteresidtivity (or zero) a T = 0K, whilethedectrica
resistivity p of aninsulator isinfinite. At very low
temperatures, localized dectronscan awaysexchange
energy with thethermal bath (in this case phonons of
thecrysd latice), with aprobability of changing quantum
state and moving. The resistivity at non-zero
temperaturesisdifferent from zero for metallic states
andinfinitefor insulators.

Inthefirst part of thispaper, we have studied the
conductionintheinsulating 9deof theTMI inthe GaAs
/AlGaAs. Inthispart, wewill present an experimental
study of the conductioninthemeta side of the TMI of
the same heterostructure asafunction of temperature
for different sampleswith different holedengties.

Itisrecalled that the dataobtained by Qiu et al.[2.
The measurements were carried out at a very low
temperature (<1K), on the GaAs / AlGaAs
heterostructure. The metal densitiesof theholesare
respectively 0.86, 0.94, 1.14, and 1.33 in units of
10"%cm*withacritica density p ~0.8x10"cm->.

We represent in Figure 4, the variation of the
resistivity asafunction of thebass 0-1K temperature
onthemetal sdeof the TMI. Themetalicbehavioris
well observed for the high densities of holes, the
resistivity increases asthe temperatureincreases until
T=0.2K, thenweobtain asaturation of theresistivity
p for thewholerange of thetemperature T between
[0.2K, 1K].

In the vicinity of the TMI, for the density ps =
0.86x10%%cm, wenoticethat thereisasmall increase
intheresistivity up to avalue of thetemperature T =
10mK, then we see a decrease for the rest of the
temperaturerangeup to 1K. Thisindicatesatrangtion
fromthemetdlic behavior totheinsulaing behavior and

consequently the charge carriers begin to locate
themsdves
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Figure4: Thevariation of theresstivity p (h/€?) asafunction
of thetemperature T for different values of hole densities
1.33x10%°cm2<ps<0.86x10%cm2.

Onthemetdlic side, theincrease of theresistivity
with thetemperatureisgiven by the expression*¥:

AT =p, +p,exp(=T [T)® ®)
with: - p,, p,: adjustment parametersrelating to the
densitiesof holes; - S: thecritical exponent equal to 1
according to Hanein et al .[** and Papadakis et al .**!,
and 0.5 for p-SiGe by Coleridgeet al .*¢l.

In order to remove any ambiguity and to confirm
our graphica resultswe opted for anumerica method,
that of the percentage of deviationto further confirm
thismetallic behavior described by the previous|aw.

The percentage of deviationisdefined by:

Y2

Dev(%) = HZZ(?«A +p, o0 [-TITF)-p )” ©)

AsshowninFigureb, theDev (%) isplotted against
the exponent Sfor each density.

It turned out that theminimum deviationisfoundto
bevery closeto 1 satisfyingthe condition of theexponent
S of the equation (V-8). Therefore, this verifiesthe
metdlicbehavior of the2D systemasgivenby Puddov’s
lawt*3, 1t can be noted more, that thefurther onemoves
away from the critical density ps = 0.8x10%cm?
(MIT), themorethe exponent Sapproaches 1 and the
more the sample becomes moreand more metallic.

For ps= 0.86x10%cn1?, no minimumdeviationis
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obtained which meansthat the equation (8) isno longer
vaidatthisleve of carrier dendty. Thiscan only confirm
the transition to another behavior that can only be
insulating.
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Figure5: Variation of Dev% asafunction of theexponent S

for p.=0.94x10"%cm?, p =1.14x10"cm?and p_=1.33x10*°cm™

CONCLUSION

This article highlights the study of metallic and
insulating behavior in the GaAs/Al ,Ga, As two
dimensond holegasat very low temperature (lessthan
1K). Thecritica density isequal to p_=0.8x10"%cm>.

Beyond thecritica density, for highdensties, the
system becomespurely metdlic. Thisindicatesthat at
thissagethemetdlic behavior isattributed to the effects
of electron-electron interactions, which promotethe
transport of loadswithout stabilizing themeta phase.
Below this value (p_=0.8x10"cm?) and the further
away fromMIT, themorethesystem becomesinsulating
and the evidencefor aMott VRH conduction regime
indicatethat thedendty of states (DOS) inthevicinity
of the Fermi level E,, isconstant. Theseresultshave
been proven graphically and mathematicdly. It candso
be noted that when we are closeto MIT, it becomes
difficult to determine the type of conduction of the
dengtiesof theholes.
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