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We propose that the observed low-density “insulating” phase of a two-dimensi@mal semiconductor
system, with the carrier density being just below{(n.) the so-called critical density where the derivative of
resistivity changes sign at low temperatufé®., resistivity p(T) increases with increasin@ for n>n,
whereas it decreases with increashépr n<n(], is in fact a high-temperature crossover version of the same
effective metallic phase seen at higher densities ;). This low density i<n.) finite-temperature cross-
over 2D effective insulating phase is characterizecpbY) with power-law temperature dependence in con-
trast to the truly insulating stat@ccurring at still lower densitigsvhose resistivity increases exponentially
with decreasing temperature.
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The so-called two-dimensiona(2D) metallic phase, Thomas-Fermi screening wave vector, the Fermi wave vec-
identified in n-Si metal-oxide-semiconductor field-effect tor, and the Fermi temperature, respectiyelythe
transistor(MOSFET'g by Kravchenko and collaborators, is semiconductor-based 2D systems at low carrier densities
still a subject of considerable interest and controvéray. could typically havegte/2ke>1 andT/Tg~1, engendering
though the effectively metallic charactglbeit at finite tem-  strong screening-induced temperature dependence in the re-
peratures of this phase is well established experimentally insistivity arising from the strong temperature dependence in
many 2D systems, it is still not known whether a tfe0  the screened impurity disorder scattering in contrast to 3D
2D metal exists. The nature of the associated 2D metalmetals where any temperature dependence of disorder scat-
insulator transition(2D MIT) as a function of carrier density tering is exponentially suppressed at low temperatures.

(n) is also a mysteryparticularly since a noninteracting dis- In this paper we extend our screening calculations to very
ordered 2D system af=0 is known on firm theoretical low densitiesbelown., the apparent critical density for the
grounds not to undergo any MIT as all states in two dimen-MIT), where the experimental resistivity increases with de-
sions are localized in the presence of finite disofder creasing temperaturel/dT<<0) indicating the existence of

There is increasing evidence that the putative 2D “metal-a nominally insulating phase. Quite surprisingly we predict
lic’ phase, while being a perfectly good “effective” metal the existence of an effective “insulating” phase defined by
down to T=50-100 mK where experiments have so fardp/dT<O0 at intermediatd andlow n, arising from the same
been carried out, is essentially a finite-temperature effectiveemperature-dependent disorder effect which produces the
metal with screenirfyand related electron-electron interac- effective metallic phasedp/dT>0) atlow T andhigh n We
tion effects playing important quantitative roles in determin- find that for a range of densities belom our calculated
ing the temperature-dependent resistivend producing the resistivity p(T,n), as a function of temperaturd) and den-
effective metallic behavigr It should also be emphasized sity (n), exhibits striking qualitative similarity to the experi-
that no reasonable model or theory fof& 0 strongly cor-  mentally observeg(T,n=<n.),°1° where the resistivity in-
related 2D meta(stabilized presumably by electron-electron creases with decreasifig(i.e., dp/dT<0) in a rather slowly
interaction in the presence of disorfibas been put forward rising approximate power-law manner in contrast to the ther-
in the literaturé® (Such a true 2D metal, if it exists &  mal exponentialeither Mott variable range hopping or acti-
=0, cannot be a Fermi liquid since the corresponding nonvated behavior expected of a tru&=0 insulator. The
interacting 2D system is an insulator @=0.%) The ob-  strongly insulating phasévhich is beyond the scope of our
served 2D metallic phase shows strong temperature depetireory may occur at still lower densities whepéT) would
dence @p/dT>0) which is nominally unexpected in a metal rise exponentially with decreasing temperature. Our theory
at low temperatures where phonons freeze out in the lowapplies to all 2D systems where the 2D MIT has been re-
temperature Bloch-Gneisen regime. We have argued, on ported, and most significantly, in some systdsisch as high
the basis of concrete calculations, that the strong temperatureobility (low disordej 2D n- and p-GaAsg| the observed 2D
dependence in the resistivity in the effective metallic phase isnsulating phase seems to be entirely the interesting low-
caused by a temperature-dependent effective disorder arisirtgnsity effective insulating phase identified in this paper as
from the strong temperature dependence of low-density 2he exponential insulating behavior seems not to manifest
screenind. This viewpoint of the metallic temperature de- itself in high quality GaAs systems except perhaps at the
pendence has received further support from recent theoretickdwest densities and temperatures. An important salient fea-
calculations of interaction corrections to 2D resistivity gen-ture of this low-density novel phagwith dp/dT<0) is that
eralizing the screening theotyUnlike 3D metals, where it is purely a temperature-induced crossover behavior, and as
gre/2ke~1 and T/Tg<1l (where gtg,kg, T are the such the critical density, at which the 2D system crosses
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over to this phaséasn is decreased from abovg to below  impurity interaction treated in the standard ensemble aver-
is completely nonuniversal, being a function of temperatureaged Born approximation, we can express the 2D resistivity
itself, i.e.,n.=n¢(T), with the effective critical densitp. p a
progressively decreasing with decreasing carrier temperature. 1o
The experimentally determined “critical” density is then p~=neX(m)/m, @
N(T=T nin) WhereT,,s(=50-300 mK depending on the wherem is the carrier effective-mass assuming a parabolic
experimenk is the effective minimum temperature to which band effective mass approximation for the semiconductor
the 2D carrier systenfand not the background bajhcan be  band structure witm being the 2D carrier density. The ther-
cooled down (typically Tmin>T par in 2D semiconductor mally averaged scattering tinfe) can be written, within the
systems for low values df ). Such a nonuniversal behav- Drude-Boltzmann semiclassical thedignd the standard re-
ior for the critical density defining 2D MIT, namely that ~ laxation time approximation as

=n.(T) with the observed effectiva, decreasing with de-

. . of
creasing  temperature, has been pointed  out f dEr(E)E( - _)
experimentally. ! In particular, our theory specifically rules (7y=()e= JE @
out a shargtemperature- independerseparatrix delineating E of '
the effective metallic dp/dT>0) and the effective insulat- f dEE| - JE

ing (dp/dT<0) phase in the 2D MIT phenomenon. We em-

. : . ere(- - -)g indicates an energy averaging over the carrier
phasize that the experimental evidence for a sharp separatr\fg] /B ) Z
in the 2D MIT is extremely sparse, and most 2D MIT ex-t ermal distribution functionf(E)={1+exgAE- ]} *

periments observe a temperature-dependent crossover d .
. . =1/kgT) given by u=(1/8)In[—1+expBEg)] for a 2D
ity no(T) separatingdp/dT>0 for n>n, and dp/dT<0 egystem(%o)tegthatﬂzyEi aETl[:g)O [but,u atpfﬁitFe)Jr could be

for n<n. in agreement with our theory. Recently, Punnoose : ; ; d
C . 2 ntially different and is n ive far>1.4T¢). Th
and Finkel'stei®® have shown that within the substantially different and is negative fai F) c

o . . _ - _central quantity of interest is therefore the energy-dependent
renormalization-group analysis the interplay of interaction

. S . transport relaxation timdi.e., the scattering timer(E),
and disorder may give rise to the crossover behavior near ﬂ\ﬁhich in the Born approximation is given by

critical regime in the two valley SI-MOSFET systems. But

ith = u(T,n) as the finite-temperature chemical potential

this model is irrelevant to the GaAs material which is a . 2w * o (@) 5
single-valley system. T (E)|E:sk: 7 Z > ﬂdz'\f @)|u 2 (2)]

We refer to this interesting (low/intermediat&) cross- ke
over “insulating” (dp/dT<0) phase as an “apparent” insu- X (1—coSbyy+)S(e—€r), 3

lating phase in order to emphasize the fact that this phase

SOt a trued|[1hs_ulrz;1;ung phase at=0, l:?Ut LS rather:]r a low- 5p carriers withk=|k| as the 2D wave vector, and is the
ensity(and *high”-temperaturg metallic phase where(T) 16 dimensional volume density of the random charged im-

decreases with increasing temperature in a power-law fashy, ity centers of thexth kind (we allow, in general, for dif-
ion. This effective insulating phasee., dp/dT<0) is only  ferent kinds of quenched disorder in the problem arising
an apparent phase since lowering temperature fufditea  from the distributions of different types of random charged
fixed n<n.) will eventually cause a temperature-induced re-impurity centers in the 2D systém— we takez direction to
entrance into the effective metallic phase at sufficiently lowpe the confinement direction perpendicular to the relevant
temperatures which, however, may not be accessible exper?D plane of confinement of the carrier system. In E3).
mentally making the apparent insulating phase to appear tggﬂ)(z) is the 2D(in the x-y plang® Fourier transform of the

be a true insulating phase due to this IGweutoff. We em- 3D screened electron-impurity interaction in the system de-
phasize that the hallmark of our proposed apparent insulatinfined to be
phase is the approximate power-law temperature dependence

of the resistivity in contrast to a true insulating phase where

{Wheree, =#%2k2/2m is the effective-mass band energy of the

27Z2(De’F(q,z)

(@)(7y=
p(T) diverges exponentially with decreasing temperature. Ug~(z)= <qe(q) )
All localization effects, either weak or strong, are neglected _ _ _ _ o
in our theory. This is entirely consistent with our motivation where the effective dielectric functiog(q) is given by
of trying to understand carrier transport in a “high- o re?
temperature phase” where quantum interference effects e
P ’ a e(a)=1- =—F(q)TI(q), (5)

should be small. The Boltzmann theory, described below,
should be well valid for this effective high-temperature semi-
classical phase independent of the actual value of the residherell(q) is the finite temperature static 2D noninteracting
tivity. polarizability function and« as the background static lattice
We calculate the resistivity of a 2D carrier system scatterdielectric constant\We have carried out calculations also by
ing off random charged impurity centers with a screenedncluding several different local field corrections in the 2D
Coulomb impurity scattering potential. Within the Drude- polarizability, but our qualitative results remain unaffected
Boltzmann semiclassical transport theory with the carrierand therefore we will only present here random-phase ap-

Kq
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proximation(RPA) screening results whelé is the 2D non-  whereqo=0q1r/2kg, f=f(g=2kg) is the 2D subband form
interacting static polarizability.In Egs.(4) and (5) F(q,z) factor (defining the deviation from the strict two dimension-
andf(q) are, respectively, the 2D subband form factors forality in the layej at wave vector R, andp (~1) gives the
electron-impurity and electron-electron interactions, associenergy dependence of the scattering time in B, i.e.,
ated with the finite width of carrier wave functions in the 7(E)~EP for E~Eg. Three important feature of the
direction. These form factors are essential for quantitativeasymptotic expansion given in E¢6) need to be empha-
accuracy, most particularly at the very low carrier densitiessized:(i) The A and theB terms in Eq.(6) arise from totally
of our interest where the quasi-2D electron layer spreaddifferent physics, and therefore we have neglected a possible
considerably in the transverse direction making the strict 2DA,(T/Tg)? term in the screening expansion in E§) which
approximation highly unreliable. We calculate the form fac-may very well modify theB, term toB,=(B,—A,). We use
tors by using the Fang-Howard-Stern variational wave funcEg. (6) only for the purpose of qualitative discussion, and all
tions for the quasi-2D layér. For more details on the theory our results are based on the full numerical calculation of the
see Refs. 13 and 14. semiclassical transport equatiofi&gs. (1)—(5)] making any
We have carried out extensive calculations of dc transporigualitative difference betweeB, and B} irrelevant for our
based on the above-described Boltzmann theory, in severgbsults (i) There are higher-order interaction corrections for
different 2D systems of current interege., systems where g the terms in Eq(6), but these corrections are quantita-
an apparent MIT, as reflected in the change of sigddfdT  tively unknown and are therefore left out of our discussion
at some low density, has been experimentally obseraeéd completely(iii ) The asymptotic expansion only holds at very
low temperatures T=50 mK—5 K) and densities {  |ow temperature T/Tg<1) which may not be of relevance
around, n~n., the reported critical densities being.  to the 2D MIT phenomend Details on the low-temperature
~10",10°10° cm™?  for  typical high  quality transport behavior can be found in our recent wirkiere
n-Si-MOS, p-GaAs, andn-GaAs systems, respectively we are interested in the high-temperature resistivity, which is
Before presenting our numerical results fgfT,n) in Figs.  manifestly not given by Eq6).
1-3, we first discuss qualitatively the theoretical results ex- |t is possible to obtain the asymptotic high-temperature
pected on the basis of Eq&l)—(5) in various temperature result for the classical limit T>Tg) of the 2D resistivity
and density regimes. The dimensionless temperaffe; defined through Eqg1)—(6), and the result fs
~n~1, plays an important role in our calculated temperature
and density dependence 2D resistivit§T,n). p(T>TE)~(Te/T), (10)
First, a straightforward asymptotic expansion of the Bolt-
zmann transport equation shows that, TéT <1, the resis- indicating that the high temperature resistivity decreases with
tivity can be written asp=po+Ap(T), where po=p(T increasing temperature in an apparently insulatinglike man-

=0) andAp is given at very low temperature By*® ner (i.e., dp/dT<0 for T>Tg). This can be rather easily
understood physically based on the fact that at high tempera-
Ap(T<Tp) T T\ %2 T)\? tures the main effect arises from the thermal increase in the
T“Al T, + Az T_F) - Bz(T—F . (6)  average carrier velocity which obviously leads to a decreas-

ing resistivity. Thus the linear power-law resistivity
where A;(>0), Ag(>0) arise from the thermal smearing ~T %, in Eq. (10) arises from the energy averaging in Eq.
of the electronic polarizability atk- wave vector, and, 2).
(>0) arises from the thermal energy averaging over the Even before carrying out the full numerical calculations it
Fermi surface. Note that the first two screening terms in Eqis obvious that any smooth interpolation between the low-
(6) are both positive, indicating an increasing resistivity with temperature behavior of Eq6) and the high-temperature
increasing temperaturghe so-called 2D metallic behavior behavior of Eq. (10) would exhibit nonmonotonic
due to the suppression of screening at finite temperaturdemperature-dependent resistiityassociated with ~ this
whereas the third term, arising from the thermal energy avquantum-classical crossover, which has been $eéhex-
eraging in Eq(2), is a negative correction to resistivitiye.,  perimentally. This leads to the following generic temperature
a positive correction to conductivitydue to the increased dependence qi(T/Tg): At very low temperaturep is linear
thermal velocity of the carriers at finite temperatures. Then T/Tg with dp/dT(>0)being determined by the absolute
expansions foA;, A;,, andB, have earlier been derived value of the coefficienf;; with increasingT/Tg (but with
in the literatureX*1° T/Te<1) it is possible(but not necessarily essentjafor
dp/dT to change sign becoming negativly/dT<0, if the
B, term can overcome the effects of the first two positive
' (7) " terms within the constrainT/Tz<1. This obviously de-
pends on the relative values of coefficieAts Az, andB,.
-2 In Si (100 inversion layer and in thp-GaAs system screen-

A3,2:2.64< 1+ fi , (8) ing effects are strong leading v, ,A5,>B, so that at low
Yo T/Tg the metallic resistivitydp/dT>0, dominates. In the
) n-GaAs 2D system, on the other hand, screening effects are
B _m (p+1) o) weak (since the density of states is smadind for modest
276 PP ' values ofT/Tg, theB, term is larger than the first two terms,
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particularly at high densities wherekZ>q+g, leading to 100 ' ' ORRNA
dp/dT<0 for moderate values &f/ Tr. (In fact, this is also @) p=0.1x107cm
expected in highly disordered systems where screening ef-
fects may be cut off by impurity scattering at a characteristic

temperatureT which may not be too low.The message 02
from the analytical results of Eq#6)—(9) is therefore clear: 10
A 2D system would always exhibit “metallic” resistivity

(defined asdp/dT>0) for the lowest value of the dimen- -

sionless temperatuf® T (ignoring all weak localization ef- m
fects which we neglect throughout this paperossing over /'T
to an apparent insulatinglefined aslp/dT<0, butnotwith /

p (kQ)

an exponential temperature dependemnesistivity at some g L L ) L
intermediate temperaturd ,,s, Where metallic dp/dT 05 1.0 15 20 25 3.0
>0) screening effects are overwhelmed by the insulating T (K)

(dp/dT<0) thermal averaging effects. If the carrier density 100 <" . . -
of the 2D system is effectively low so thai, .. is lower (b)

than the lowest achievable carrier temperaturg;{ in the
system, then the 2D system will manifest an apparent insu-
lating phase dp/dT<0) down to the lowest experimental
temperature T(>Tgs9 Since the low temperaturesT (
<T.os9 Where the screening effect dominates for a cross-
over to the metallic behavior dp/dT>0) cannot be

10 _/\
achieved. We note that it is possible in many situations, de-

pending on carrier densities and system paraméeegs, ef- — ]
fective mass, type of impurity scattering, efcfor T oss — ]

<Tg. Remembering thaIFwo.Yﬁ K (Siandp— GaAs) and
4n K (n—GaAs) wheren is the 2D carrier density measured

n=0.4x10%m™®

p (kQ)

in the units of 18° cm™2, we conclude thaT ,sscould be as ’ T (K)
low as 100 mK(in some situationsfor 2D carrier densities
around 16° cm™2 for n-Si (and p-GaAs and 1§cm™? for FIG. 1. (3) Calculated 2D resistivities fop-GaAs system for

n-GaAs systems. A characteristic fundamental feature for thgarious hole densitiep=0.1,0.2,0.5,1.0,2.0,3:010'° cm~2 (from
crossover we are discussing here is the strong dependencetbé top as a function of temperature. In this figure we use the
the crossover temperature on the carrier density witltharged bulk impurities inside the quasi-2D systefnsCalculated
TeosdN) increasing strongly with carrier density. The other 2D resistivities forn-GaAs system for various electron densities
important feature is the nonexistence of the apparent insulap=0.4,0.5,1.0,2.0,3.0,4.0,50L0° cm™? (from the top with the
ing (dp/dT<0) phase at low enough temperatur@ ( charged interface impurities as a function of temperaturg=(0 is
<Teosd, I.€., if the carrier temperature of a 2D system canused for these resuljs.
be decreased arbitrarily theéleaving out all localization ef-
fects the system would always become metallidp(dT  gests that the simpléand physically appealingcrossover
>0) at low enough temperaturédefined asT <Tys9- scenario presented in this paper cannot be entirely ruled out
Our numerical transport results shown in Figs. 1-3 foras the cause for the 2D MIT behavior observed experimen-
p-GaAs andn-GaAs, respectively, bear out the theoreticaltally at least in some situations. We note a quantitative dis-
considerations outlined above. In particular, the calculategrepancy between our theory and experiment: in general, we
resistivity is always metallic at the lowest temperaturesfind T,ssin our theory to be higher than the corresponding
manifesting a clear crossover to an insulating behavior atrossover temperature in the experimeiThis discrepancy
TerosdN) With a change of sign idp/dT (i.e.,dp/dT>0 for  can be corrected by introducing a cutdf in the screening
T<Tgossand dp/dT<0 for T>T9 as described above. as discussed later in this paper.
We note thatT.s could be quite low for low values of It is essential to emphasize two points: The effective
carrier density, and therefore it is possible, in principle, forinsulating phase is only an apparent insulating phase by vir-
the apparent insulating behavior to arise entirely from thigue of the insulator being defined through the negative tem-
crossover effect. In particular, in Fig. 1 we chodsather  perature derivative of resistivity, i.edp/dT<<0. This appar-
arbitrarily) the lowest possible achievable carrier temperatureent insulating phase is really a metallice., extended or
to be 3006-500 mK (for the purpose of illustrationand  delocalized electron wave functipalectron liquid phasén-
show what a typical 2D MIT transport data s@n the T  teracting with random charged impurity ceneexhibiting
=300 mK-3 K rangg would look like based entirely on dp/dT<0 down to a crossover temperature scalé (
this finite-temperature crossover phenomenon. The overalb Tsd With the lowest temperaturél < T,,s9 phase being
gualitative consistency between our results and many of thalways a true metal witldp/dT>0. (ii) The temperature
existing 2D MIT experimental results in the literature sug-dependence qi(T) in this apparently insulating phase simu-
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n-GaAs system for various electron densities-1.6,2.0,2.3,2.9
% 10° cm 2 with the remote charged impurities and a fixed Dingle
] temperaturél ,=0.75 K as a function of temperature. The vertical
0 ] bars indicate the Fermi temperature.

0.0 0.1 02 03 04 05 . .
T (K following features of our theoretical results are often ob-
(K) served experimentallyi) the low-density—low-temperature

FIG. 2. Calculated conductivities fqu-GaAs systemRef. 7) 2D msylatmg phasdfor n<n) is often seen to have_ an
for various hole densitiep=5.0,4.0,3.0,2.3,1:810° cm~? (from a"pprOXImate power-law temperature-dependgnpg resistivity;
the top with the remote charged impurities. I@ we calculate (i) the low-temperature extrapolate@-(-0) resistivity does
conductivities without level broadening in the polarizability func- NOt seem to be divergent in many cas@é) the experimen-
tion, and in(b) we include the level broadening in the screening, tally observed critical density. has been reported to be a
following Ref. 4, with Tp=0.2,0.25,0.3,0.4,0.5 Kfrom the top.  function of the lowest measurement temperature W)

The vertical bars indicate the Fermi temperatlire decreasing monotonically with decreasing temperature. For

low enough carrier densities, most 2D systems should even-
lates a power law(with p~1/T in the T>Tg high- tually enter a strongly localized transport regime where the
temperature regignrather than the exponential temperaturelow-temperature resistivity diverges in an exponential man-
dependence typical of a true insulating phase. The finiteper, butin high qualityi.e., low disordey systems of interest
temperature crossover insulating phase., dp/dT<0) is, in the 2D MIT phenomenon such exponentially divergent
by definition, a high-temperature phase in our Drude-resistivity seems to be always preceded by a density regime
Boltzmann transport model with the true low-temperature(below n.) wherep(T) increases smoothly in a power-law
(T—0) phase in our theoryfwhich manifestly excludes manner with decreasing temperature. This intermediate den-
weak and strong localization effegtseing always a metallic sity regime of apparent insulating behavior is most strongly
(i.e.,dp/dT>0) phase. The crucial point of physics is, how- manifested in 2Dp-GaAs andn-GaAs systems, but it has
ever, the fact that experimentally there is always a low-also been seen in-SiMOS systems. A possible reason for
temperature cutoff ,,;,, below which carriers simply cannot the prevalence of the apparent insulating phase in 2D GaAs
be cooled down, and foF << Tmin, the 2D apparent insu- systems could be the much higher qualitg., much lower
lating phase discussed in this paper would, for all particuladisordej for GaAs-based 2D systems compared with 2D Si
purposes, behave like a “real” insulating phase. The apparstructure, making it possible for the system not to manifest
ent 2D metal-insulator transition in this crossover scenaridocalization down to rather low carrier densities, thus en-
will therefore appear to occur at the density defined by abling the crossover insulating phase to show up more easily
TerosdNe) = T min - without being preempted by localization.

In comparing our theoretical results with the existing 2D  In discussing experimental data, it is important to realize
MIT data in the experimental literature, we mention that athat the measured 2D resistivipf T) typically shows a satu-
large number of reported data look qualitatively similar toration at low enough temperature, i.e., below some saturation
the results shown in Figs. 1-3 of this paper. In particular, theemperature Ts~50—300 mK, depending on the experi-
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men) p(T<T,) becomes essentially a constant completely 1.00 '
: , (a) ;
independent of temperature. Although an underlying- T=T
known) fundamental cause for this resistivity saturation be- ’
havior cannot be definitively ruled out, the saturation is gen-
erally believed to arise from a saturation in the carrier
temperature due to the inevitable carrier heating problems in
semiconductors at low temperatures and densities. This pos-
sibility of carrier temperature saturation at low temperatures
(where further cryogenic cooling only lowers the tempera-
ture of the surrounding bath, not the 2D electrons them-
selves is further supported by the fact that the resistivity
saturation is also seen in the insulating system at low enough
carrier temperatures. We have completely ignored the low- 0.01 0.10 1.0 10.0
temperature resistivity saturation problem in our analysis, as-
suming, perhaps somewhat uncritically, but in agreement BN ——
with all existing theoretical analyses in the subject, that the (b)
resistivity saturation arises from temperature saturation, i.e.,
Ts=Tmin- Within the screening theory, in fact, thermal sup-
pression of screening will be cut off at temperaturds ( 10k
<Tp) lower than the temperature scale of the disorder scat- _
tering (with Tp=#A/kg7), and we have taken this disorder )
broadening effect approximately into account in the results B S
presented in Figs. 2 and 3 of this paper. Another comment in 10°F /
the context of 2D MIT experiments is the issue of the so-
called separatrix, where the critical densityseparating the
metallic and the insulating phase is claimed to manifest a
completely temperature-independent resistivity sharply de- 10 ¢ < — — o~ 10
lineating the metallic phaselp/dT>0) from the insulating 10010 10 2 10" 10
phase (lp/dT<0) and thus defining a quantum phase tran- n (em
sition. Such a sharp separatrix cannot be explained at all FG. 4. Calculated 2D hole/electron liquid-Wigner crystal phase
within our Drude-Boltzmann theory since all electronic diagram in the density-temperature,T) plot for (a) p-GaAs and
states are by definition extended in our semiclassical theoryp) for n-GaAs systems. The shaded regions indicate the experi-
As has been emphasized above, the apparent critical densityental samples corresponding to Ref. 7 feGaAs and Ref. 8 for
N in our theory is strongly temperature dependent with  n-GaAs. HereTg is the Fermi temperature afdt=(V)/(T) is the
delineatingdp/dT>0 (for n>n.) and dp/dT<0 (for n ratio of the classical mean potential energy to the mean classical
<n.) decreasing with the lowest measurement temperaturiinetic energy. The classical WC-electron liguiitst orde) phase
T min With n.—0 asT,;,—0 since a true insulator does not transition line is defined by =I'¢, which is found from numerical
exist in our theory. An experimental separatrix defining the(molecular dynamigssimulations(Ref. 4 to be I';~120. At T
2D MIT has, however, been rarely reported, and in that sensg 0 @ 2D system is expected to become a quantum WC phase at
our theory is consistent with a large body of the existing 2Df's=37 (Ref. 18. The heavy solid line, indicating the liquid-solid
MIT experimental data. We do emphasize, however, that the_lse b_oundary, is obtaln_ed from the |nterpolat|ng sc_heme de-
low enough densities all real 2D systems should eventuall§C¢'iPed in Ref. 16. The region aboteelow) the T=Te line is the
exhibit exponential localization behavi¢at densities below ~classicalquantum region with CWC(QWC) denoting the classical
“ " o - - . (quantum Wigner crystal phase.

the “power law” apparent localization being discussed in
this paper which is beyond the scope of our work. We be-
lieve that Si MOS systems, typically being more disorderedhis anomalous insulating behavior. First, the experimental
than 2D GaAs systems, exhibit much more of thetemperature and density regime where the anomalous insu-
exponential-type true insulating behavior than the power-lawating behavior is observed is well outside the WC phase
apparent insulating behavior being discussed in this paper.boundary(see Fig. 4 Second, the transport data plotted as

In a very recent paper Noletal” have reported an o(T)=p ! for various densities in Ref. 7 show absolutely
anomalous power-law insulating behavior in a pPGaAs  no indication of a critical density separating metallic and
systems at low densitiegand intermediate temperatyye insulating phases — the data at all densities look essentially
which we believe to be the apparent insulating phase induceithe same at high temperatures whet€l)~T whereas at
by quantum-classical crossover being predicted in this papelow temperatures the relatively high-density conductivity
The r values in the samples of Ref. 7 are extremely highshows an upward bending below some density-dependent
(rs~44-80), bringing up the possibility of Wigner crystal temperaturel .,s{n) (i.e., dp/dT changes sign from being
(perhaps in a strongly correlated molten pH8s@hysics insulating-like,dp/dT<O0, at higher temperatures to being
playing a role in this experiment. We believe that it is un-metallic-like,dp/dT>0, at lower temperaturgsWe empha-
likely that Wigner crystalWC) physics has much to do with size that forT>T,,s{n) there is absolutely no difference in

/)
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the observed qualitative behavior @{T) at different densi- Inclusion of phonon scatteringneglected in our calculations
ties. SinceT{n) decreases with carrier density it is  herg is likely to further improve the good agreement be-
impossible to rule out the possibility that the experimentaltween experiment and theory.
low-density o(T) plots would actually also bend upward at  In the context of comparison with the experimental data
temperatures lower than the lowest hole temperaturgve show in Fig. 3 our calculated low-temperature transport
(~60 mK) achieved in these experiments. In fact, the ex+esults for the 2D GaAs electron system corresponding to the
perimental data of Nokt al. are entirely consistent with this recent measurement of Lillgt al® carried out in a high qual-
scenario. For example, if the experimental temperature cutoity low-density n-GaAs gated heterostructure system. We
is taken to be 200 mK in the data of Neh al, then all the  have kept the level broadening paramefgr=0.75 K fixed
plots shown in Ref. 7 would appear to be insulatiog to  in the results shown in Fig. 3 and have shown the behavior of
the hole density of & 10° cm™?) since all the experimental both the resistivityp(T) and conductivityo(T) for several
data exhibitdp/dT<O0 (i.e.,do/dT>0) down to 200 mK. low densities. Again, phonon-scattering effects, possibly of
To emphasize the similarity between the experimentakome importance here foF>1 K,® have been neglected.
data of Nohet al. and our predicted crossover apparent in-These theoretical results are again in striking qualitative and
sulating phase we show in Fig. 2 our calculated low-densitysemiquantitative agreement with the experimental data of
transport results for the Na#t al. sample. Remembering that Lilly et al® demonstrating that the experimentally observed
phonon scatteringneglected in our theojyoecomes impor- anomalous insulating phase in high qualitie., low-
tant for GaAs holes already at 500 niKhe results of Fig. 2 disordej 2D semiconductor systems may very well be the
are remarkably similar to the experimental data presented iapparent crossover insulating phdsenich would manifest
Ref. 7. This is particularly true for Fig.(B), where we in-  metallic behavior forT<T,.{n) except thafl s may be
clude a Dingle temperature cutoff in the screening functionoo low to be experimentally accessible at low carrier densi-
in order to approximately simulate the effect of collisional ties] predicted by our theory.
broadening(due to impurity scattering The basic ided is The striking qualitative agreement between our theory
to include in the finite wave-vector static polarizability the and experiment for the anomalous insulating phase encour-
level broadeningparametrized by a Dingle temperatufg  ages us to predict the following scenario for high quality
=I'/kg wherel is the collisional dampingarising from the  GaAs-based 2Dboth electron and holesystems. As 2D
impurity scattering. As discussed earlier in the literatlre carrier density is lowered the high-temperature crossover in-
such a collisional damping term, parametrized by the levebulating phaseT>T.s) extends to lower temperatures as
broadening parametéli,, acts to suppress the thermal ef- T .(n) goes down, and eventually whai,,.goes below
fects on screening at low temperatur@ss T, while leav-  the lowest accessible experimental temperature, the system
ing the screening function essentially unaffected at high temappears to be insulating with an anomaldius., power law
peraturesT>Tp. Since the level broadening parameter intemperature dependence characterizing the apparent insulat-
the screeningTy, is unknown(within our approximation ing phase. Since our predicted scenario is in excellent quali-
schemg we do not attach any great quantitative significancetative agreement with the available experimental data in
to our approximation except to note that this zeroth-ordeiGaAs-based high-mobilitflow disordey 2D holes and elec-
scheme of incorporating collisional damping in screening istrons, we propose the following direct experimental test for
physically meaningful since impurity scattering should tendits verification (or falsification: One should lower the tem-
to suppress finite wave-vector static screening of an electroperature to check whether the observed anomalous tempera-
gas. We emphasize that the paraméigrused in our theory ture dependence of the putative insulating phase remains in-
should not be construed to Hg~#/kgr (Which would be  sulating or bends upwaré.e., do/dT goes through zero
far too small, but should be considered an effective levelchanging its sign from positive to negative as it does at
broadening parameter which cuts off the strong temperaturkigher densitiesat lower temperatures. Since lowering car-
dependence of screening o T, with Tp being a param-  rier temperature arbitrarily is typically difficult to achieve in
eter of the theoryincreasing with decreasing conductiyity 2D semiconductor systems, a relatively easy way of testing
It is therefore worthwhile to emphasize that our resultsour proposed scenario will be to directly plot the experimen-
(with Tp#0 in screening shown in Fig. Zb) are qualita- tally measuredio/dT (or dp/dT) as a function of tempera-
tively (and even semiquantitativelyjn good agreement with ture at low densities in the anomalous insulating phase. If the
the approximately linearly risingg=T, conductivity at magnitude of this derivative is decreasing with decreasing
higher temperatures found by Nat al. In fact, even our temperature indicating that (or p) may be approaching a
Tp=0 static RPA screening transport results are in qualitaminimum (or maximun), then this is a rather strong verifi-
tive agreement with experiment except for the fact that thecation of our proposed scenario. We mention in this context
crossover temperatur€,,ss for do/dT to change sign is that the experimental data of Refs. 7 and 8 are qualitatively
consistently much higher in Fig(&® with Tp=0 than in our  consistent with our proposed scenario of a decreasing mag-
Fig. 2b) with Tp#0 or in the experiment. The basic behav- nitude ofda/dT as T decreases. We believe that there are
ior of an approximately linear temperature dependence o$imply two possibilities(which are consistent with our pre-
conductivity, coc T, for T>T{N) with T.s{N) decreas- diction of the anomalous power-law insulating phase being a
ing with decreasing densitjand do/dT<0, i.e.,o(T) in-  crossover phaseEither the magnitude oflp/dT will de-
creasing with decreasing temperature Tox T ,s{n)] ap-  crease indicating a transition to an effective metallic phase or
plies to Figs. 2a) and (b) and to the experimental data. dp/dT will diverge exponentially indicating a true insulating
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phase. We suggest that experiments be carried out in th@is problem in this work by introducing the collisional
anomalous power-law insulating phaéeith careful mea- damping induced screening cutoff through the Dingle tem-
surements otlp/dT as a function ofl andn) to verify our  perature parametéfy. The other possibility is to take the
prediction. real Fermi temperaturd ¢ to be smaller than the nominal
Finally, we discuss the possibility of WC physics playing T.(~n/m) given by the carrier density and the band ef-
arole in the observed anomalous insulating behavior of Ref$ective massm which could happen if the actual effective
7 and 8. In Fig. 4 we show our calculated approximate WCnass is larger than the band mass and/or the actual free car-
(T—n) phase diagram for both 2D electrons and holes inyier gensity is smallefe.g., due to trapping of carriersThe
GaAs, combining both th&=0 quantum Wigner crystalli-  ¢rossover temperature can be reduced if we use the tempera-
zation at low carrier densities and the classical Wigner crysg .o dependence of the effective mass, which is recently in-

tallization. The calculation of this approximate WC phasevestigated in Ref. 20. In Ref. 20 it is shown that the low-

diagram fOHOW.S our recent quk n Ref. 18 where we ShOWdenSHy effective mass has a peakTat0.5T and shows
how one can implement an interpolation scheme to obtain . .

! . . strong temperature dependence. Since the larger effective
the full phase diagram in the density-temperature plot by

combining the known classicdland quanturft WC limits mass gives rise to higher resistivity the decrease of effective

We also show as shaded regimes the experimental samplg?ss. abovd~0.5T can reduce the crossover temperature
corresponding to Refs. 7 and 8 in FiggaBand (b), respec- brujg|_ng our results in bet.ter agr(_aement W|_th experiment.
tively. Both the shaded regions are well outside the WCThIS is, however, a subtle issue since effective-mass renor-
phase in the phase diagram indicating that WC physics i§1allzat|pn wguld not ordinarily affect transport in a transla-
unlikely to be playing a dominant role here. The more im-tionally invariant system, and further work is needed to settle
portant reason for ruling out the WC scenario is, howeverthis point. While in the GaAs-based low disorder systems
experimental — the experimental data of Nehal/ are  studied in this paper, the discrepancy betw@&h(n) and
completely smooth and the conductivity behavior in the me-Tge.{n) is relatively small even for thd,=0 theory, this
tallic (higher density and the insulating(lower density  discrepancy is very large in Si MOS based 2D systems where
phase is identical at higher temperatures, the only differencdisorder is high. A straightforward application of otif,
being the upward curvature i(T) in the higher density =0 theory for Si MOS systems indicat&sg,,se>1 K for the
data which moves to lower temperatures in the lower density=5x 10°— 10 cm™?2 density range of relevance to Si 2D
plots and may have simply moved to temperatures below theystems. To reducg,,sssubstantially one needs to introduce
measurement temperatures at the lowest densities makingléirge values off, where the theory is not meaningful. The
experimentally invisible. other possibility is that the effective mass in Si may be en-
In summary, we have identified an apparent high-hanced from its band value and/or the effective carrier den-
temperature insulating phase in 2D systems at intermediatsity may be substantially lower than the nomimal It is
carrier densities where the conductivity increases with temtherefore interesting to note that there is no clearcut signature
perature in a power-law fashiofapproximately linearly  of this anomalous insulating phase in 2D Si MOS systems
This apparent or effective insulating phase is a temperaturevhere the insulating phase, far<1 K or so, indicates ex-
induced quantum-classical crossover phase which exists onfyonentially rising resistivity with decreasing temperature.
for T>T0s{N) whereT s decreases with decreasing car- This is consistent with our finding of rather larg& ..in Si
rier density. We have shown that, although typically,ss MOS systems implying that this apparent insulating phase in
~Tg(n), itis possible forT,sst0 be substantially below Sj systems remains only a high-temperature phase since the
the Fermi temperature if collisional broadening effects areslectrons can always be cooled beldw,sin the 2D Si
included in the carrier screening function. We have showrsamples.
that our calculated transport behavior in this effective insu- We note finally that the validity of the semiclassical
lating phase agrees qualitatively very well with recent obserbrude-Boltzmann theory for studying the anomalous insulat-
vations in high quality 2D electrons and holes in GaAs heting phase is not a crucial issue in this context. The reason is
erostructures. We have not discussed the 2D Si-MOS systefnat Boltzmann theory, being semiclassical, becomes increas-
in this paper because the disorder effects in Si MOSFET'sngly valid at higher temperatures, and therefore should be a
are substantially highefmobilities are typically factors of reasonable qualitative description for the high-temperature
10-1000 lower in Si MOS systems than in GaAs sysfems effective insulating phase being discussed here. The precise
and the Si MOS systems make transitions to the stronglyalue of the resistivityp and the corresponding localization
localized phaséwith exponential temperature dependence parametekgl (wherel is the transport mean-free pathe.,
much sooner — this intermediate crossover insulating phasghetherp is smaller than the quantum of resistare? or
therefore exists only in a very narrow range of densities ang.| is larger than unity, are important issues =0 con-
temperatures in Si MOS systems. siderations(where quantum localization effects are impor-

The weakest empirical point in our quantitative compari-tany but not for finite T/Tg (~0.1-1) case which is of in-

son with the experimental data is the fact that our theoretiterest here. In fact, within our semiclassical Boltzmann
th

cally obtainedT,.{n) seems to be consistently higher than transport theory the behavior shown in Figs. 1—3gereric
the experimental crossover temperaflifg {n) whereT.ss  behavior determined entirely by and T, completely inde-
at a particular density could, for example, be defined by theendent of the actual resistivity values of the 2D system, i.e.,

conditionda/dT=0 atT=Ts We have tentatively fixed one should think of the ordinatep (or o in our figure$ to
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have completely arbitrary units — the actual valuespof behavior of 2D semiconductor systems at densities and tem-
(=01 in our theoretical results being determined by theperatures above the true localization regime. First, recent
unknown charged impurity densityN() in the system which  systematic diagrammatic calculatidref higher-order inter-
we use as an adjustable parameter to set the resistivity scalgstion corrections to the 2D resistivity show that the basic
It is more appropriate to think of ordinate at Figs. 1 and 2 asicture of an effective 2D metallic behavior witthp/dT
plpg or ol oq wherep, or o are theT=0 Drude values of >0 (with a leading order linear temperature coefficient of
resistivity or conductivity. These considerations make it clearesistivity) applies well in the ballistic transport regime
that our qualitative results are validt finite T/Tg) irrespec-  (4/kgr<T<Tg) provided weak localization effects are neg-
tive of the actual sample resistivities as long as one can ndigible. Weak localization effects may dominate at very low
glect quantum localization effects which seems to be the casemperatures and provide a different crossover of resistivity
for the GaAs experiments in Refs. 7 and 8, but perhaps ndtom metal to insulator as temperature decred$&econd,
for Si MOS samples. For similar reasons, RPA becomes ghe results forp(T,n) obtained in the 2D metallic regime
better approximation at larger values DfTg since RPA is  within the RPA-Drude-Boltzmann theory agree well with ex-
essentially exact in thd/Te>1 limit. Thus finiteT and isting experimental results. Third, RPA becomes quantita-
largets systems(which have relatively larger values of tively accurate at high temperaturésnd our inclusion of
T/Tg) may be well described by our RPA theory. local-field correlation corrections going beyond RPA gives
In our conclusion, we discuss critically the approxima- qualitatively very similar resulys We therefore believe that
tions of our theory which may limit its applicability to real our description of the high-temperature apparent insulating
2D systems. Our most important approximations are thehase based on the semiclassical Drude-Boltzmann-RPA
Drude-Boltzmann scattering theofgue to charged impurity transport theory may have considerable theoretical validity.
scattering and RPA screening by the electron liquid. Both of
these approximations are simplistic at the low carrier density
phenomena of interest here. But there are good reasons to We would like to thank M. P. Lilly for helpful discussions.
believe that our theory is sound in explaining the qualitativeThis work was supported by the US-ONR and NSF-ECS.
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