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Metal-insulator transition in two dimensions: Role of the upper Hubbard band
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To explain the main features of the metal-insulator transitidiT ) in a two-dimensional2D) electron
system, we suggest a simple model, taking into account strongly localized states in the tail of a 2D conductivity
band with a specific emphasis on the role of doubly occupied stttesupper Hubbard ban@HB)]. The
metallic behavior of the resistance is explained as result of the activation of localized electrons to a conduc-
tance band, leading to a suppression of the nonlinear screening of the disorder potential. The magnetoresistance
(MR) in the critical region is related to depopulation of double occupied localized states, also leading to a
partial suppression of the nonlinear screening. The most informative data are related to a nearly activated
temperature dependence of MR in the strongly insulating ljmiftich can, in particular, be reached from the
metallic state in high enough fieldsAccording to our model, this behavior originates in a lowering of the
chemical potential in the UHB due to Zeeman splitting. We compare theoretical predictions with the existing
experimental data, and demonstrate that the model explains such features of the 2D MIT as the scaling
behavior in the critical region, the saturation of the MR andHii& scaling of the MR in the insulating limit.

The quantitative analysis of the MR in strongly insulating limit based on our model leads to valuesgof the
factors in good agreement with the known values in the localized states in the same materials.
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[. INTRODUCTION traps—although no doubt important for Si MOSFET’s—can
be hardly considered for other systems exhibiting the 2D

The problem of an apparent metal-insulator transition inmetal-insulator-transitionéIT) behavior.
two-dimensional2D) structures is still far from being com- In our opinion, the clue to the problem of the 2D MIT can
pletely understood. Such a transition was observed in differbe related to the magnetoresistaibtR) in the strongly in-
ent 2D systems, including in particular Si metal-oxide- sulating limit (which can, in particular, be reached from an
semiconductor field-effect transitiotBIOSFET'’S (see, e.g., initially metallic state in high enough fiellsAs is well
Refs. 1 and Pand GaAs-AlGa _,As heterostructureésee, known, the strong positive MR in a parallel magnetic field,
e.g., Refs. 3—F an extended review of the situation was leading to a suppression of the metallic state in the “critical”
given in Ref. 6. At the present time two possible scenariosregion, remains one of the puzzles of the 2D MIT. We espe-
are being discussed. According to the one of them an unusualally emphasize that a strong positive MR persists deep into
metallic behavior which apparently contradicts the scalinghe insulating state, and is exhibited by systems which were
theory of localizationSTL)” is a real manifestation of some perfectly insulating aH =0.5 The specific feature of the MR
physical mechanism. According to the second scenario, thia this regime is the fact that its temperature dependence is
metallic conductivity is still expected to be suppressed at lowclose to the Arrhenius law even if fagl =0 the system ex-
enough temperature, while the behavior observed until novhibits a variable range hopping of Efros-Shklovskii type
is related to the mechanisms of a more conventional naturksuch a behavior was observed for Si MOSFER®f. 12
such as temperature-dependent disSrdermagnetic-field- and n-type GaAs heterostructurés In particular, we be-
driven disordef. Despite the various mechanisms proposedJieve that a renormalization approach starting from the me-
according to the conclusion of Ref. 6, “while each of thesetallic state(see, e.g., Ref. 24which could possibly explain
is capable of explaining one or another part of experimentalhe MIT and the suppression of metallic phase by magnetic
observations, none of them provide a comprehensivdield, would fail to explain this MR deep in the insulating
picture.” phase.

The theoretical approaches developed up to now are con- As suggested earliér, the activated behavior of the MR
centrated mostly on the metallic state, and discussed an efi the hopping regime is a signature of the hopping over the
fect of disorder and electron-electron interactions on thisstates of the upper Hubbard baft¢HB), that is, over doubly
state; however, to the best of our knowledge, practically naccupied localized states. Because of on-site spin correla-
attempts have been made to look at the problem startintjons the Hubbard energy in this case acquires a Zeeman
from the insulating limit. The role of localized states wastermgugH (g being theg factor, and this magnetic-field-
discussed to some extent in Refs. 8—11 where the effectependent term is a universal ofed least forgugH>T).
of traps in an oxide layer or the interface region of SiBased on these facts, we have suggested that the UHB plays
MOSFET’s was considered. However, these localized statesn important role in the problem of a 2D M#f.Note that a
are actually external with respect to the states of a 2D conpossible role of the multiply occupied electron states in a 2D
duction band, and only play the role of additional scatteringMIT was also discussed in Ref. 17.
centers, while we are interested in the states responsible for In what follows we propose a model which starts from the
the 2D transport deep in the insulating limit. In addition, thelocalized limit of a 2D MIT rather than from the metallic

0163-1829/2001/624)/24510311)/$20.00 64 245103-1 ©2001 The American Physical Society



V. I. KOZUB AND N. V. AGRINSKAYA PHYSICAL REVIEW B 64 245103

one, and thus is concentrated mainly on the “insulating” and In our model we will assume that the localization lengths
“critical” regimes. We believe that in systems exhibiting a of the strongly localized states described by Ef). are
2D MIT there exists a tail of strongly localized states belowsmallerthana. This assumption corresponds to a cutoff of
the bottom of the 2D conductance band, with localizationthe divergency on the right-hand side of Efj) at some
lengthsa smaller than predicted by the scaling theory of

localization starting from the metallic regiméhe localiza- e=Em<Em,

tion lengtha for these deep states is expected to increase

with an increase of energy, exhibiting a critical divergency.while for higher energies the situation can be controlled by
The divergency has a cutoff imposed by the STL at someahe STL. In other words, a&,, we have a crossover from
threshold energy. The highest of these states, according to tlsgrongly localized states, described by Ef), to the states
predictions by Kamimur&® are the doubly occupied ones. described by the STL.

That is, the energy dependence of the Hubbard energy leads In what follows we will also assume that the difference
to the formation of a peak of the UHB close to the bottom of, 72 is small with respect to the characteristic energy
the conductance bartfl.The metallic behavior of the resis- scales, and can be neglectgbe corresponding criterion is
tance in our model is relate@s in the model of Ref.)8  given in Appendix A. Keeping these considerations in mind,
temperature-dependent disorder. In our case this disordgfe will still use the term “mobility edge” for the energy,,.
originates due to the activation of electrons from strongly  ag s known, systems exhibiting a 2D MIT are character-
localized states to the conductance band, which leads 10 ged by strong electron-electron interactions. In our model
partial undressing of the disordered potential. The MR in theye will directly take into account the intrastate electron-
metallic regime is expected to be due to a redistribution ofjectron interactions, which were shown in Ref. 18 to be
electrons between different doubly and singly occupiedyost important. Following the concepts of Kamimdfaye

states(driven by the Zeeman addition to the energy of dou-take into account the energy dependence of the Hubbard en-
bly occupied statgswhich also leads to a partial suppression ergy U,

of the screening of the disorder potentigdimilar concepts
were suggested in Refs. 11 and 9, where the depopulation of e?
filled traps to delocalized states due to an increase of energy U= <a’ 2
of the traps in magnetic field was considerethis simple
model is shown to explain—at least qualitatively—most ofwherea is the energy-dependent localization length anid
the features of the observed 2D M(ificluding the scaling of the dielectric constant. While for in three dimensionads
the resistance in the critical regiad/T scaling of the MR in  known to be strongly dependent on the localization length
the insulating limit, and saturation of the MR at larg. (through the wave-vector dependendeere are arguments
Based on the fact that in the strongly insulating limit the allowing to assume that for two dimensions the value a$
values of theg factor are not expected to be renormalized bynearly independent o and close to its bulk value. These
Fermi-liquid effects, we have compared some existing MRarguments were given in Ref. 20, where the exponent in the
data with the predictions of our model. A good agreementelation k<a“? was estimated to be,<0.2. However, we
betweeng factors extracted according to our predictions andstill consider a possibility ofv,# 0, and thus we have
their known values gives strong support to our model.

Uec(ep—e)", 3

Il. FORMULATION OF THE MODEL whereu> v.

We assumethat the 2D conductance band has a tail of ASis shown in Appendix A, the energy dependence of the
strongly localized states originating due to the localization offubbard energy has significant consequences for the form of
carriers in the potential relief imposed by the disorder. Wethe upper Hubbard band. That is, for strong electron-electron

. . . H H H 18
believe that the localization length for these states behaves &&Pulsion this band is peaked at some ; close toep,. _
The peak is characterized by a steep decrease of the density

ax(gn—e) ", (1) of states(DOS) for e<e_ . (see Fig. 1 which with reason-
able assumptions can be sho(@ee Appendix Ato obey the

wheree, is some energy which for three dimensions WOUIdGaussian law

correspond to the mobility edge, whileis an index of the
localization length.

Actually the STL, for two dimensions, predicts the ab- g-=0_ exp—(
sence of any mobility edge, and allows only some threshold
values of conductance separating regimes of weak and strongyr ,=¢ ,, that is, at the point of the metal-insulator tran-
localization. The localization length is expected to be exposition (in the sense of strong localizatiprall the states be-
nentially dependent on the value of the conductance in theyw the “mobility edge” (except possibly the states deep in
weakly localized regime, and to decrease when the condughe band tajl are doubly occupied. This fact, and the pres-
tance tends toward the critical value mentioned above. Thugnce of a peaked DOS of tiz~ band below,,, allow one
one may expect that for a given degree of disorder there ig conclude that the metal-insulator transition takes place in
some minimal value of the localization lengthavailable in ~ the D~ band, and that its presence significantly affects the
the STL(of the order of the mean free path features of the transition.

4

sc—s)z

€1

245103-2



METAL-INSULATOR TRANSITION IN TWO.. .. PHYSICAL REVIEW B 64 245103

a tion of the “mobility edge” are expected to depend on
£(s) the electron concentratian For small variations of the elec-
\ tron densityén, linearizing the dependence in question one
obtains

Se = —yon. (5)

Thus both the chemical potential and the “mobility edge”
are expected to be sensitiveripand one has

S(em—p)=—(y+g; H)yon, (6)

whereg; is some total density of states &t ¢,,. The criti-
cal value ofn=n, corresponds tg(n)=¢gmn(N).
While the occupation of the localized states corresponds

£(g) to a nonlinear screening of the disorder potential, the occu-

pation of the states abowg, drives the system into a regime

of linear screening according to the considerations given in

Ref. 19. Thus the metal-insulator transition is accompanied

by a transition from nonlinear screening to linear screening;

however, even in the metallic state—at least in the “critical”

region—one expects that a significant part of the disorder

D potential is still screened by localized electrons.

The value ofy depends on the efficiency of nonlinear
screening. The latter, in its turn, depends on the properties of
the disorder potential. In particular, the spatial harmonics of

0 a potential with a period)~* larger thann~ %2 are screened
more effectively the largeq~?! is; indeed, the magnitude of
the available screening potentialds(q )%/ kq tecq 1. At

ihe same time the harmonics witfr '<n~*? are screened

magnetic field. The hopping conductivity is controlled by the states’€"Y poorly. Thus one can expect that the harmonics with

of the D~ band.(b)The occupation of the subbands depictedan g '<n~*are already strongly suppressed by the screening,
for a high magnetic field. Hopping is dominated by activation to the@Nd that the nonlinear screening still proceeds for harmonics
peak of theD~ band €,=s.— ). with g~ *~n~%2 Correspondingly, the magnitude of the

screening potential for these harmonicsUs~enY?/ k. If
one assumes that the potential of the disorder is dominated

We would like to note that th® states in our case, by the harmonics in question, and that the positior gfis
strictly speaking, are different from the “standard” impurity scaled with the value obl., the parametery can be esti

D~ states which are similar to negative hydrogen ions. In themated as a derivative dfl.. with respect to the electron
latter case the two electrons are in the field of a single posi- ! P

tive elementary charge. For “tail states” this is not the Case’concentratlon, as
since the electrons are considered to be localized in the po-
tential wells created by the charge density outside of the 2D y~
sheet, like the charges of interface traps in the case of silicon KN
MOSFET's or spatial charge fluctuation as in o _ ) N ]
GaAS-ALGa,_,As heterostructures. In this case the local- It is interesting to note that in the critical region when
ization centers are by no means of Coulomb nature. Thus thean be considered equal to the 2D band, and the DOS is
double occupation of some localized state is not equivaler@M/ 7%, the ratio of the terms andg, * on the right-hand
to a negatively charged Coulomb center as well as a singlgide of Eq.(6) is of the order of the interaction parameter
occupied state is not similar to a neutral centdleverthe-  ''s=2"“me’/ kfipe (pr being the Fermi momentumThus
less, for simplicity we will still use the notatiori3® andD ~ one could expect that the metal-insulator transition is domi-
for singly and doubly occupied stajeAs mentioned above, nated by a shift of the “mobility edge.” However, the de-
the occupation of localized states by single electrons or byailed studies carried out for Si MOSFET's in Ref. 21
electron pairs for an external “probe” particle is reduced toshowed that the activation energy in the insulating regime
the effect of a nonlinear screening of the initial disorder po-(eéqual in our model to the differeneg,— ) increases with
tential. a decrease afi much more slowly than would be predicted
As for the rest of the electron-electron interactions, weby Eq.(6) if one were to use the estimate pfgiven above.
believe that the latter can be taken into account as nonlinedruch a fact can be explained if one assumes that the disorder
screenings of the initial disordered potential by electrons fill-potential for the systems in question contains no significant
ing these states, with account taken of electron-electron cogontribution of spatial harmonics witg~*~n; Y2 and is

relations. As a result, the form of the band tail and the posidominated by harmonics with~*<n_ 2. In this case the

£

FIG. 1. (a) The structure of the subbands of doubly-occupied
(left) and singly-occupiedright) localized states for an electron
occupation corresponding to the insulating limit in the absence of

eZ
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sensitivity of e, to a variation ofn is much weaker than 1
predicted by the estimate given above, and the brackets on P(T)—P(O):(n——n (T))
the left-hand side of Eq(6) are actually dominated by, * mo.
\évlhich is in agreement with the experimental results of Refyheren =n (T=0).

N 1

W Mo

, (10

IV. MAGNETORESISTANCE
IIl. TEMPERATURE BEHAVIOR OF THE RESISTANCE

. . ) . _ n<ep), with an additional assumptiagy(u)>g_(w). We
resistance in the metallic _state, in acco_rdance with Ref. 8, t ecall that the index “0” corresponds to an “initial” tail of
temperature-dependent disorder. That is, we assume that t ﬁongly localized stategspreading up to an energy;,)

. . . . m.
lonization of str_ongly localized states belayy, Iead_s to ad-_ when these states are unoccupied or singly occupied. Index
ditional scattering for the mobile electrons qualitatively in«_»; ¢,m corresponds to a band of doubly occupied states
the same way as an ionization of occupied donor state creat ,e D*—b'and where “unoccupied” states correspond to

an additional charged scatterer. Indeed, a nonlinear screeni gngly occupied states. Thus the condition mentioned above
of the disorder potential by localized states is reduced Whef}, jjies that the density of states for the second electron is at
the number of localized electrons is reduced. We understa Fermi level lower than the density of states for the first

that, quantitatively, the contribution of states with large Iofelectron(the DO band. Correspondingly, the position of the

calization lengths is not expected to be similar to the CONtriarmi level is controlled in this case by tB¥ band. In this

but:jon tOI donbortstatebshj.mue?htlyt separa}Ftca(i_ from o.tlhe_rt IOCf.llll'situation[see Fig. 1) and also Appendix Bthe main effect
z€d states, but we believe that a qualitative simuiarty Still o¢ o magnetic field is related to a shift afin theD ™~ band

exists. However, the efficiency of the scattering by an 1ONyith a magnetic-field increase which is related to an increase

ized localized state is expected to depend on the Iocalizatiogf the Hubbard energy. FoT=0 this shift is equal to

length of the state, and in general to increase with a decrea _
of a because of the larger momentum transfer correspondin%e“(H)_MBgH. (where_ t_he value og corresponds_ to local-
Jed states while for finite temperatures the position of the

to scattering centers with smallar . L : ;
Thus the total “classical” resistance can be written as chemical potential irD~ band is described asee Ref. 15

. The simplest situation corresponds to the dielectric limit
In our model we relate the temperature behavior of thz

. ou(H H
p=potp1, (7) 'u_f_ ) =—21In|2 cosh/%). (12

where

In the regime considered, the dominant contribution to the

conductivity is related to hops within thB~ band from
. (8)  doubly occupied states with= u to (singly occupiedi states

in the peak of thdd™ band, since hops with spin flips from
Here the exponential describes an activation and thus, agingly occupied states to singly occupied states are not al-
cording to our consideration¥~u—¢,,, While theT de- Iowe_d (as in the case of mechanism considered by
pendence of the preexponentighosen as some power func- Kam|mu_r&8). o _ _ _
tion) is related to a dependence of the scattering efficiency on We will begin with the case in which there is no Coulomb
a and thus on the energy of the state. This expression coir§@p at the Fermi level, that is, when the interstate Coulomb
cides with the one given in Ref. 8 for traps below the Fermiinteractions are neglected. Note that for the hopping in the
level, and is consistent with numerous experime(fits a band tail described by E¢4) with a small DOS the crucially
review, see Refs. 22 and 23 situation depends on the relation between the width of effec-

Note that the “residual” resistivity is also temperature tive hopping bandSe and the energy scate, characterizing

dependent, due to an activation-induced increase of the cott€ DOS decay. The value ot estimated for the Mott-type
centration of mobile carriers; this dependence can be esp¥ariable range hoppin/RH) [g=const=g(u)] is equal to
cially significant in the “critical” region where the concen-
trations of localized and mobile carriers can be comparable. T2B (80— )2

; ; - dg= exp . (12
Ilget?ggt?gﬁsdependence into account, we apply the Drude [9.(a/2)2] 385

T\ T,
,:I,_ ex T

P1=P1

1 1 If se<eq, then one deals with a standard Mott-type hopping

, p1= (9) estimated for the corresponding density of states being ap-
NmMo Nmpty proximately symmetric around the chemical potential.
However, when the opposite inequality holds, which can
rewritten as

Po=

where 141 and 1fu, are the inverse mobilities controlled by be
the “residual disorder” and the “temperature-dependent dis-
order,” respectively. With the simplest assumption

2
- - a

d(uy Y)/on=p~*=const(that is with a neglect of a depen- M>2 Iog( (gc81)1/2§ %) , (13

dence of scattering efficiency @), one easily obtains €1
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the hopping is expected to be dominated by electron hops a

from the Fermi level to “empty” states situated high above g(s)
the Fermi level where the density of states drastically in-

creases(Note that “empty states” in theD™ band corre- n

spond to singly occupied stajes €m \\

We believe that it is legitimate to consider this sort of &
hopping in a standard for the VRH way, that is, optimizing
the hopping probability with respect to the typical hopping
distance~N_ *? (whereN, is a density of sites with energies D D
less thane) and to the activation energy— u. Here we
consider a case of a Gaussian tail, while the generalization
for the exponential tail is straightforward. Taking into ac-

count that
& &
€ (80_8’)2 (SC_S)Z
Nng de'gcexp— ———~gce1€Xp— ——— b
I g1 €1 £(s)

(where the integral is considered to be dominated by the
upper limiy, we obtain the following condition for the acti-
vation energys*:

1/2
€1
+log———
g.—&*

€1 €1 4a
S*ZSC_E ?(gc81)1/27

log

(14

Sincee /(e.—&*)=1, we will neglect the last term in the
brackets. Correspondingly, the temperature behavior of the
conductivity is expected to obey the law

o

FIG. 2. () The structure of the subbands of doubly-occupied

€1 €1 1/24a 12 (left) and singly-occupiedright) localized states for an electron
EcT M _\/— log 7(9c81) 2 occupation corresponding to the metallic state in the “critical” re-
2 O o
orexp— (15) gion in the absence of a magnetic fielth The structure of the

T subbands for a high magnetic field, driving the system to strongly

. . . . 0 ;
The activation energy depends logarithmically on the tem_Iocallzed regime. Note that the position ef, in the D* band is

) : considered to be lifted with respect to the cabse 0 (moreover, the

peratu.re, and sllg_htly decreases with a temperature deqeg%grm of the bands is also changeevhile the position ofw in the
The difference with respect to a pure Arrhenius law 0rigi- n- yand is lowered.
nates due to a finite density of states in the tail.

As for the possible effect of the Coulomb gap, one notes
that the value ofg(u) in the situation discussed is small. €mpty state. Correspondingly, when the magnetic-field-
Correspondingly, the gap width is expected to be smalleflependent contribution @~ band becomes smaller than the
than the characteristic energy scalg and thus the gap ef- contribution of hopping over thB° states, the MR saturates.
fects are irrelevant. If we start from the metallic regimgsee Fig. 23)], the

Now let us turn to the most important topic, i.e., the variation of e, with magnetic field is of principal impor-
magnetic-field dependence. As is clearly seen, for strongance. Moreover, one expects the MR in this case to be
magnetic fields the position of the Fermi level is significantly mostly related to the variation of;,,. Note that such a be-
lowered, which leads to a dramatic decrease of the DOS dtavior is in agreement with the ideas of “magnetic-field-
the Fermi level. In particular, the following scenario is pos-driven disorder” formulated in Ref. 9. An important factor is
sible. If atH=0 the DOS at the Fermi level is large enough related to the fact that the metallic state corresponds in prin-
[see Fig. 13)] that an inequality opposite to the one of Eq. ciple to linear screening, while the spin polarization of the
(19 is satisfied, a standard VRH of Mott type or Efros- mobile electrons is not expected to produce a strong effect on
Shklovskii type is observed. Such a behavior is expected fothe disorder potentialsee, e.g., Ref. 26 However, we be-
the case when the initial position of the Fermi level corre-lieve that, at least in the critical region, a linear screening
sponds to the peak region of ti2~ band. However, the still coexists with a nonlinear one and, in particular, localized
magnetic field shifts the position of tliz~ band with respect D~ states well belowe, with relatively small localization

to the Fermi level, and can finally lead to a nearly activatedengthsa=< nc’l’2 cannot be efficiently screened by the mo-
behavior according to Eq15) whenuggH>¢;. bile carriers.
One notes that hopping via the states of the band Thus the depopulation of thB™~ states corresponds to

actually competes with hopping over ttepin-polarizedl D®  some suppression of the nonlinear screening which is similar
band, that is, with hopping from an occupied state to arto the creation of new scattering centers. Thus the polariza-
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tion of localized states can lead to significant shiftsegf  concentration, which can result in less effective screening
[see Fig. 20)]. More detailed arguments are given in Appen-and, correspondingly, in a larger scattering efficiency for a
dix B. single scatterer.

Estimating the variation of the electron concentration due For smaller values afi,, o the temperature behavior of the
to a depopulation ob ~ states with a magnetic-field increase resistance is dominated by the activation of electrons from
as localized states to delocalized ong@s accordance with ob-

servations reported in Ref. 11
on=g_(uggdsH),

and applying arguments similar to those leading to &g. poce)(;{sm_ﬂ)_ (17
one obtains an estimate for the shift of the “mobility edge”: T

Slen— 1)~ SH (16) One notes that within thg frame_work of a pure;ly classical
Em™ M= 79— fpgont. description our model exhibits, with an exponential accuracy,
Thus one concludes that an increase of the magnetic field scaling behavior 0p(T,ns) which is symmetric with re-
leads to an increase of the differengg— u, and can lead to  spect to the “critical” curve withe ,— u =0 if one assumes
a change of a sign of this difference from negative to positivea constant DOS at the “critical region,” since in the latter
which corresponds to a suppression of the “metallic” state. case

One concludes that in this regime the saturation of the
MR corresponds to a stabilization ef,, which corresponds Ns—Ne=0g(n—€m).

to a total polarization of the electron system including theThjs pehavior is in agreement with experimesee, e.g.,

localized states. The saturation fi¢id,; corresponds to lift-  Ref, 6. For a strongly localized system whep— x is large

ing the bottom of théd ™ band to the position of the chemi- engugh, the system exhibits variable range hopping which is

cal potential. Note that this scenario is similar to the onejn agreement with experimental daisee, e.g., Ref.)6

considered by Pudalost al. Ref. 11. Actually quantum effects cause the system to become an
As for the final state of the system, fb>Hs, it 0bvi- insylator forT—0, since the states above the cutoff energy

ously depends on the initial electron concentration. If this |8~m discussed in Sec. Il are described by the STL. This sce-

large enough, in the final state the chemical potential is stil ario was considered in detail in Ref. 8. Correspondingly, the

larger thaner, and the system peifS'S‘S In a mEta”'C S.tate'metal—insulator transition discussed above is not a true quan-
Moreover, we believe that deep in the metallic state I'nea'ium phase transition according to our model

screening dominates, and the MR can be related to mecha- Now let us discuss the MR. As mentioned above, we are

.n'tsmz tOf thelsorttr(]:pn&dgred. md Rtefl' 26. Thus we do no‘nostly interested in the insulating limit because, in our opin-
intend 1o analyze this regime in detail. ion, it can give more information about the system’s proper-

ties than the metallic limit. Thus we would first like to com-
V. DISCUSSION pare our predictions concerning the MR in the strongly

Let us compare the predictions of our model with theinsulating limit with existing experimental data. =~~~
existing experimental data. We shall start with the tempera- AS reported(see, e.g., Refs. 6 and 12he high-field in-
ture behavior of resistance. According to Et0), the sign of sulator regime typically exhibits a nearly ac_tlvated tempera-
the temperature coefficient of the resistance depends on t{iré dependence of the magnetoconductivity. We shall start
sign of the second set of brackets in Et0). Moreover, Eq.  1om the experiment reported in Ref. 13, wheres-gloped

(10) describes a “metal-insulator transition” under a purely G@AS/ALGa ,As heterostructure was studied. Although
classical regime. Indeed, for this system does not exhibit a 2D MIT, it demonstrates a

strong positive MR starting from hopping regime. A specific
feature was a gradual transition from variable range Efros-
Shklovskii hopping to nearly activated hopping. In our pre-
p(T)=const. Note that this result is in agreement with thevious papel® we tried to fit the experimental curves accord-
almost temperature-independent behavior of resistance fdang to a pure Arrhenius law, ascribing the deviations from

Nmo= a/ o= N

the “critical” concentration reported in Ref. 27. experimental behavior to a neglect of the nonzero DOS in
The critical value of the resistivity is given as the band tail.
Now we are going to compare the experimental data of
1 1 Ref. 13 with our present theory which directly takes into
Pc= Mo/t - Z account a Gaussian tail of ti®~ band. In Fig. 3 we plot the

theoretical curves corresponding to Ed5), calculated for
Thus, in our model, this quantity is controlled by the scatter.,— u(H=0)=0.234 meV H=8T), 0.219 meV H

ing efficiency of a depopulated localized state rather than by=6 T), £,=0.14 meV,g,a>=0.93 meV !, andg=0.12.

the total number of scattering centers. This fact is in agreeAs seen, there is a good agreement between the experimental
ment with the surprising experimental results of Ref. 24,data and our theoretical prediction which supports our inter-
demonstrating smaller values of the critical conductance fopretation.

samples with larger peak mobilities. Indeed, samples with The value of the effectivey factor is about four times
larger mobilities also exhibited smaller values of the criticallower than the handbook values for GaAs. However, one has
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FIG. 3. Resistivity vs temperature for a Ss-doped FIG. 4. Resistivity vs temperature for rhe Si MOSFET of
GaAs-ALGa _,As heterostructure of Ref. 13 forB=6  Ref. 2 for B=1.2 (full square$ and 1.4 (crosses at n=8.83
(full squares and 8 Tesla(crosses at n=9.52<10 cm-2. ~ x10° cm 2 Solid lines show the theoretical curves cal-

Solid lines are theoretical curves Corresponding to E’tﬁ) culated on the basis of qus) with the values of the parameters
calculated for e,—u=0.234 meV H=8 T), 0.219 meV &~ u=0.147 TGV =14 1T), 0.126 meV KI=12 T), &
(H=6 T), £,=0.14 meV,g,a’=0.93 meV!, andg=0.12. =0.1 meV,gpa°=1.2 meV ", andg=1.7.

to keep in mind that we deal with an &a _,As-GaAs Reference 2 reported a suppression of the metallic phase
heterostructure rather than with bulk GaAs. Thfactor val-  at a strong magnetic field, followed by a saturation of the
ues for AlLGa_,As quantum wells were calculated resistance. The behavior exhibits HAT scaling, while the
theoretically’® It was shown that due to the fact that in such most representative data correspond to the dielectric side of
structures one has a mixture of GaAs stdfes which theg  the MIT. This behavior is in agreement with Ed.1) which
factor ~—0.45 is negativeand ALGa, _,As states(where  predicts theH/T scaling for the MR activation exponent.
the g factor is positive the effectiveg factor depends on the An important feature of the MR in systems exhibiting a
well width. In the case of the gated heterostructure unde2D MIT is its saturation at high fields. According to our
discussion, the effective width of the potential well is con-model, the nature of this effect can be different for different
trolled by the gate voltag¥,, and thus the effectivg factor ~ regimes.
is expected to depend ovy. The corresponding behavior For systems initially in a strong insulating limivhen the
was considered in some detail in our previous papand  disorder potential is not significantly affected by the mag-
was shown to be in agreement with the experimental data afetic field, the saturation fieldH,, is related to a competi-
Ref. 13. tion between contributions @ ~ andD° subbands, and thus

In addition, we have compared our results with MR datadepends mostly on the forms of the subbands.
of Simonianet al? The data obtained for Si MOSFET'’s For systems initially in the “critical” region(no matter on
demonstrated a suppression of the metallic state in stronghat side of the transitiorthe initial evolution of the MR is
parallel magnetic fields, and a transition to a localized staterelated to a shift of,,, although at high fields a competition
Since our model gives most definite quantitative predictionsetween hopping processesDn andD° bands is still pos-
for insulating limit, we analyzed the data on temperaturesible. In both regimes mentioned above, the valuél gf; is
behavior of the MR reported in Ref. 2 for the strongest mag-expected to be sample dependent. Note that such a behavior
netic fields(1.4 and 1.2 T. In Fig. 4 we present both experi- was reported in Ref. 11.
mental data and theoretical curves calculated on the base of Although from the very beginning we have not intended
Eq. (15 for the values of the parameters.—u to discuss properties of systems where the initial electron
=0.147 meVH=1.4 T), 0.126 meV=1.2 T) g density was significantly larger than the critical one, we
=0.1 meV,goa’=1.2 meV'!, andg=1.7. It is seen that would like to make some comments about this regime as
there is a good agreement between theoretical and expefivell. In particular, even for systems initially deep in the me-
mental results. The value of thg factor estimated in this tallic regime but still containing a significant density of lo-
way is close to the handbook values for Si. Note that in thecalized states, the valug,; is not expected to be universal,
insulating limit the Fermi-liquid renormalization @f factor  since the form of théD ™ band is obviously sample depen-
is irrelevant. dent. Moreover, the possible exchange of electrons between

Following the same ideas, we have also analyzed the MRhe conducting band and states spatially separated from the
in the insulating limit forp-type GaAs-AlGa, _,As hetero- conducting pathgdiscussed in Appendix Bdoes not allow
structures exhibiting a metal-insulator transitoithe ex-  one to relate the total electron concentration to the position
tracted value of theg factor appeared to be equal to 0.025- of the chemical potential in the conducting band. In addition,
0.04. This is in agreement with the fact that the expectedne also notes that the value of théactor for mobile elec-
value of theg factor for heavy holes is zero; this effect is trons is renormalized due to exchange interactions, and is
related to an admixture of light-hole states. concentration dependent; in any case its value is different
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from the corresponding value for localized states. Thus welressing” of the disorder potential due to a partial
believe that the saturation field for the metallic regime doesuppression of the nonlinear screening. The strong positive
not give proper information concerning, in particular, the MR on the dielectric side is related to a suppression of acti-
value of theg factor. This conclusion is especially important vated hopping to the peak of tHe~ band as a result of
for samples with concentrations close to the critical one.  lowering the chemical potential with respect to e band.
Note that ifHg4 corresponds to a crossover from a “me- The suppression of the metallic state in a strong magnetic
tallic” state to an “insulating” state then—at least for mag- field is explained as a result of the depopulation of the dou-
netic fields close tdd;,—the chemical potential crosses the bly occupied localized states participating in the nonlinear
peak of theD ™~ band. This factor can explain the enhancedscreening of the disorder potential. A comparison of theoret-
DOS at the Fermi level for the “critical” statéwith respect ical predictions with existing experimental data exhibits at
to the standard one for the ideal 2D conduction Havlot  least a qualitative agreement, while the valuegydactors
served in Ref. 25. extracted from the MR data for the strongly insulating limit
We would also like to note that the “final” insulating state according to our model are in quantitative agreement
achieved in strong magnetic fields is different from the insu-with the values known for localized states in corresponding
lating state existing foH =0 at small enough electron con- materials.
centrations. In particular, the latter situation is characterized

by the presence of a peak of tBe” band close te,, which ACKNOWLEDGMENTS
is absent for the former situation. Correspondingly, electrons L )
in the metallic state close to the “critical” state fef=0 are We are grateful to D. Khmelnitskii, I. Shlimak, and V. L.

expected to suffer an additional mechanism of inelastic scafourevich for discussions and valuable remarks, and to V. M.
tering related to the activation @~ states which is absent Pudalov for sending us the manuscript of Ref. 9 before its
for the spin-polarized situation. This latter factor can en-Publication. The paper was financially supported by RFFI,
hance the role of weak localization fo4>Hg,,. In any ~ Grant No. 00-02-16992.

case, according to convincing calculations of Ref. 22, the

behavior of the “critical” states is strongly sensitive to the APPENDIX A:  FORM OF THE D BAND

system parameters. Th'§ fact, t_akmg account of Fhe factor We start from the density of states corresponding to singly
mentioned above, explains a difference in behavior of the

- " - occupied statescharacterized by energies)) g(eg). The
ir?rllit;g?l ;;ates for the cases off =0 andH > H4 reported energies of doubly occupied states are shifi@idh respect

We believe that the surprising evolution of the tempera—t0 the energies:o) by the Hubbard energy. We take into

e ; 4 . account that, according to our assumption, the localization
ture coefficient of the resistance in the course of a magneth—en th for the stronaly localized states can be written as
field increase(being “metalliclike” in H=0 andH>Hg,;, 9 gy

and “insulatinglike” for some intermediate fields close to eg |

Hsay reported in Ref. 12 can be related to the evolution of a a(eg)=ap ) ,

position of theD~ band with respect to the Fermi level. Em™ &0

Indeed, one can expect that the presence of quasilocalizegherec; is the energy width of the band of localized states,
states at the Fermi level, at the moment when the peak of thghile ag is the minimal localization length available for

D" band coincides witfu, can significantly affect both clas- these states. Thus, for the energy of the doubly occupied
sical and quantum contributions to the resistance. statee _, we have

u
VI. SUMMARY e_—eo+ UO(Sm 80) (A1)
€B

We have demonstrated that the main features of a 2D MIT
apparently observed recently in different systems can be eXwhere Ug=e’/xag). The DOS for the doubly occupied
plained within the framework of a simple two-band model. states should be written in terms of the total energies
The latter is based on the assumption that a transitionlikéhe€n one should also take into account the Jacobian related to
behavior takes place in the disorder-induced “tail” of the 2D & change of variables from, to £ . Correspondingly, the
conductance band where the lower, strongly localized statd80S in theD ~ band is given a§
are not described by scaling theory of localization starting
from the large conductance limit. An important role among
these states is played by doubly occupied states coexisting in
general with the singly occupied ones. The role of the , .
states is emphasized by the fact that as a result of the ener%ﬁ)"er,e the functional dependence«f(s -) is given by the
dependence of the Hubbard energy their DOS is peaked nedp!ution of Eq.(AL). _
the bottom of the 2D conductance band. We also emphasize !f U>19- diverges at some, corresponding to a van-
the role of the nonlinear screening of a disordered potentidfhing of the derivative in EqA2),
by localized electrons. The “metalliclike” temperature be- -1
havior of the conductivity is related to the activation of lo- ea=uU (M) (A3)

. . . B 0 .
calized carriers to the conductance band leading to an “un- €B

de_\ 71
9(8)29[80(8)](E) : (A2)
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This is related to the fact that the functian(e_) is a  sharp edge of the DOS singularity is expected to be smeared
double-valued one, and a vanishing of the derivative in quesn some way. In particular, one can expect local fluctuations
tion corresponds to the coincidence of these solutions. Onef the parameted , due to local fluctuations of the dielectric
branch of the solutions corresponds to the singly occupiedunction. It is natural to assume that fluctuationslf cor-
states above, ., while another one corresponds to the stategespond to a Gaussian distribution with some variafidg.

beloweq, . As can be easily followed, these fluctuations give rise to
Now, one concludes that if Gaussian fluctuations of the energy . with a variance
Ueg Hu-1) 1 Us 1u-1
€m—€0c~¢€B U, g1~0Uy—— _°m
0 u—11\ Uy

is small enough with respect tog, the lowest localized ) .

states will allow only single-electron occupation. Indeed, theAveraging the form-factor function of E¢A7),

Hubbard energy for these states appears to be too high, and

the corresponding doubly occupied states float to the region

of mobile carriers. e —e_ )
We take into account that there is an upper cutoff for the (e-—e-0)

localization lengths imposed by the STl(discussed at the [6(x>0)=1,0(x<0)=0] with respect to the fluctuations in

beginning of Sec. )l This results in a lower cutoff for the  question, one easily obtains that the averaged form factor has
differencee ,,— £o. Our considerations hold if the energy. 3 form

is not affected by this cutoff; the corresponding criterion is

A v [(87_87,C)+81]71/21
a €B
€m~ €oc

ag
In what follows we will assume this criterion to hold.
The critical value of the energy of a doubly occupied state
e_ ¢ is related toeo by Eq. (Al). To estimate the energy As a result one expects tH2~ band to have its own tail
dependence of - near a critical value of _, we take into  corresponding to a nonzero but quickly decreasing DOS at

_ 2
Fk(_” e <e . *®

€1

account that, fog, close togg,, e_<e_g,
de_ ﬁzs,( ) (A4) e.—& 2
—_— g0~ €0c)- ~ ¢
ds0 952 0~ €oc g—gcexp—< o ) , (A9)

Aiming to rewrite this equation in terms ef_, we take into

account that where we have omittee- indices for the energy terms, im-

plying that the functiorg_(e) has an energy argument cor-

1 6% responding tdD ~ band.

2 2 (80 80(?) .
g9~ ¢&¢ . 0

de _

0780

(A5)

e_—g_ =

APPENDIX B: EFFECT OF MAGNETIC FIELD

Keeping in mind that the first derivative vanishes, we are left ON THE D™ BAND

with The problem of extreme importance for us is related to a
1 &% 112 variation of u with a variation of the magnetic field. The
(e0—€0c)= ( Z _2‘) (e_—&_ )" (A6)  presence of the field leads to the Zeeman additiggH in
’ 2 deg ’ Eqg. (Al). Since this term is not energy dependent, it does not
where change the value of, discussed above, but shifts the bot-

Pe_ u—-1 ( uUO) M(u=-1)
&83 Em .

€m

Correspondingly, foe _ close tos_ . (but still aboves _ ;)
we have

_:21/29[80(8—)]( €m )1/2( €m (A7)

(e_—e_¥?\u-1 ul

According to these consideratiofaso see Ref. )& _ van-

) 1/2(u—1)

tom of theD ™ bande_ . toward a “mobility edge” corre-
sponding to the majority spins. Finally the valee . coin-
cides withe,,, which obviously corresponds to
em—e_ o(H=0)=uggH. (B1)
After this only singly occupied states exist belayy .
As for the position of the Fermi level, for a fixed number

of electrons it should be calculated taking account of the
balance between the number of electrons in singly and dou-

bly occupied states. For a system deep in the insulating state,
such an analysis was made in Ref. 15 with an assumption

ishes fore _<e_ .. Note that in a realistic situation such a that the DOS of the doubly occupied states at the Fermi level
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is much less than the DOS for singly occupied states. In thisne to lower the total electrostatic energy of the system.
case the position ofc in the D° band is fixed, while its According to the arguments given above, the evolutios of
position in theD™ band is lowered according to consider- can dominate over the inevitable increaseuofelated to the
ations given above. depopulation oD~ states.

The picture is not as simple if we start from the metallic Another poss|b|||'[y Corresponds to the presence of a sub-
state. If we deal only with band tail states, the depopulatiomand of strongly localized states assumed to coexist with the
of doubly occupied statgincluding the localized ™ state$  2p pand stategincluding the band tail statgsbut spatially

would inevitably lead to a rise of the chemical potential forseparated from the band statédote that such a scenario is
the majority electrons. Note that for conductifflocalized  gjmilar to the one considered in Refs. 11 andrBese local-
electrons the value of thggfactor can be renormalized due to ized states are expected to have a “mobility edge” much

Fermi-liquid effects(see, e.g., Ref. 29 higher thane,, and much larger Hubbard energies, prevent-
Thus these simple considerations concerning the evolul—n the doubnfé occupation of these states. Such a,m assumn-
tion of the chemical potential with the increase of the mag-. 9t - patio ) P
netic field cannot explain the strong positive MR in the me—t!On is a realistic one, since, for small electron concentrq-
tallic state, since the rising of the chemical potential for spin-t'ons’ the percolation character of the electron transport is
polarized electrons is not expected to decrease th€Pected to be due to the presence of a large-scale
conductivity significantly. In our opinion, the MR can be Potential" In this case electrons frod ~ states are, in par-
related to the evolution of the position of the “mobility ticular, redllstrlbuted to thgse states, decregsmg the densny of
edge” e, with an increase of the field. This argument is €lectrons in the band tail. Thus the nonlinear screening of
supported by the estimate given in Sec. Il, which shows thatocalized states becomes less effective, while a rise of the

at least at the critical region, the evolution &f can domi-  chemical potential is suppressed. As a result, the difference

nate the evolution of. m(H)—e,(H) can at someHd=H_ change its sign, which
Two possible scenarios can be discussed. First, one caorresponds to a crossover to the insulating limit.
expect that the depopulation of the doubly occupi2d Although a possible shift im ,, with an increase of carrier

states(that is, the redistribution of electrons between doublyconcentration was disputed in Ref. 25 we would like to
and singly occupied localized statdeads to an enhance- note those authors based their considerations on the absence
ment of the disorder and to an increasesqf. Indeed, one of significant shifts ofe,, for small variations of electron
must keep in mind that the occupation of localized states bgoncentration around its critical value. In our opinion,
electrons corresponds to a screening of this potential, antthis argument does not hold for our picture, since the redis-
that the screening is expected to be more effective if therd&ribution of electrons due to spin polarization is expected
exists an additional choice between double and single occue be pronounced in contrast to the case of a small variation
pations. Indeed, the additional degree of freedom can allowef n.
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