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Calculated temperature-dependent resistance in low-density two-dimensional hole gases
in GaAs heterostructures
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We calculate the low temperature resistivity in low-density two-dimensional hole gases in GaAs hetero-
structures by including screened charged impurity and phonon scattering in the theory. Our calculated resis-
tance, which shows striking temperature-dependent nonmonotonicity arising from the competition among
screening, nondegeneracy, and phonon effects, is in excellent agreement with recent experimental data.
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A number of recent density-dependent low temperat
transport measurements in dilute two-dimensional~2D! n-Si
metal-oxide-semiconductor field-effect transistor~MOSFET!
and p-GaAs heterostructure systems have attracted a g
deal of attention1 because the experiments nominally exhi
a metal-insulator-transition~2D MIT! as a function of 2D
carrier density (n). In addition to this unexpected 2D MIT
phenomenon@at this stage it is unclear whether the transiti
represents a trueT50 quantum phase transition~QPT! or a
finite temperature crossover behavior# these measuremen
reveal a number of intriguing transport properties1 in dilute
2D systems, such as a remarkable temperature dependen
the low-density resistivity in the nominally metallic phas
which deserve serious theoretical attention in their o
rights irrespective of whether the 2D MIT phenomenon i
true QPT or not.

In this paper we provide a quantitative theory for one su
recent experiment2 carried out in a low-density GaAs-base
2D hole gas. In our opinion, Ref. 2 represents a particula
important experiment in relation to the 2D MIT phenomen
~although ironically no MIT is actually observed in Ref. 2 —
even the lowest density data in Ref. 2 are entirely in
nominally metallic phase! because the ultrapure sampl
used in Ref. 2 explore the 2D ‘‘metallic’’ regime of th
highest mobility ~i.e., the best quality or equivalently th
lowest disorder!, the lowest carrier density, and the lowe
temperature so far studied in the context of the 2D M
phenomenon. More specifically, there have been sugges
and speculations1 that the 2D MIT phenomenon is a
interaction-driven QPT~the scaling theory of localization3

rules out a true localization transition in 2D disordered s
tem! with the dimensionlessr s parameter, which is the ratio
of the interaction energy to the noninteracting kinetic ene
of the 2D electron system, being the tuning parameter wh
drives the QPT. It is important to emphasize thatr s increases
asn decreases (r s}n21/2), and therefore the 2D systems
Ref. 2 represent the highest~lowest! r s ~n! and consequently
the most strongly interacting 2D systems experimenta
studied so far in the context of the 2D MIT phenomenon.
be precise,r s values of the nominally ‘‘metallic’’ 2D hole
regime explored in Ref. 2 go down to as low asr s526
~corresponding to the lowest hole densityn53.8
3109 cm22 studied in Ref. 2! with no sign of an MIT
whereas the other systems studied in the literature exhibi
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2D MIT transition1 at critical r s values as low asr s;8 – 12
~Si MOSFET’s! and 10– 20~GaAs hole systems!. The ex-
perimental results presented in Ref. 2 thus compellin
demonstrate that interaction~i.e., ther s parameter! is by no
means the only~or perhaps even the dominant! variable con-
trolling the physics of 2D MIT; disorder~and perhaps even
temperature! also plays an important role.

Our transport theory for the 2D hole system employs
finite temperature Boltzmann equation technique, which
earlier been successful inn-Si MOSFET’s ~Ref. 4! and
n-GaAs systems.5,6 We include the following effects in our
calculation: ~i! Subband confinement effects~i.e., we take
into account the extent of the 2D system in the third dime
sion and do not assume it to be a zero-width 2D layer!; ~ii !
scattering by screened charged random impurity centers;~iii !
finite temperature and finite wave vector screening throu
random phase approximation~RPA! ~actually we employ a
slightly modified version7 of RPA, the so-called 2D Hubbard
approximation, which approximately and rather crudely
corporates the electron-electron interaction-induced ve
correction in the screening function which may be importa
at the low carrier densities2 being investigated—it turns ou
that our calculated resistance with the Hubbard approxim
tion is within 30% of the corresponding RPA results!; ~iv!
phonon scattering.6 The effects weneglectin our theory are
~i! all localization and multiple scattering corrections;~ii !
inelastic electron interaction effects—in fact, all effects
electron-electron interaction are neglected in our theory
cept for the long-range screening through RPA and~approxi-
mate! short-range vertex correction through Hubbard a
proximation.

Our calculations are similar to the ones8 we recently car-
ried out for electron inversion layers inn-Si MOSFET’s with
two important differences:~i! we include thefull hole density
in the current calculations without subtracting out any cr
cal density as done in Ref. 8—this is, in fact, consistent w
our Si MOSFET calculations since the critical density in R
2 must be extremely small, and in any case SdH meas
ments carried out in Ref. 2 show thatall the carriers are
‘‘free’’ and participating in the conduction process;~ii ! we
include phonon scattering effects in the current calculati
because phonon scattering is significant for GaAs holes
ready in theT51 – 10 K temperature range whereas phon
scattering is negligibly small inn-Si MOSFET’s in the
R7838 ©2000 The American Physical Society



ca
th

es
D

f

e
el

y
y

ur
he
he
e

-
le

om
h

ity
rg
te
a
th
-
ry

ri
ot
ri
e

r
lec
o
e
-
re

m
v

ac
th
b

sed
ch
igh
-
ut

m-
e,
our

s-
of

nce
re-
ion

d
ity
n-

on

r
ple

he-
en-

ef.
ty
too
e

is-
he
-

m-
ef. 2
ch
ng
s
ing,
cy

-
e-

ex-

m-
re-
f. 2.

im-
fore

non

RAPID COMMUNICATIONS

PRB 61 R7839CALCULATED TEMPERATURE-DEPENDENT RESISTANCE . . .
1–10 K temperature range. Details of phonon scattering
culations are given in Ref. 6. The essential point is that
phonon resistivity is proportional toT for T.1 K and is
negligibly small in the low temperature Bloch-Gru¨neisen re-
gime.

Our calculated resistivity for 2D holes in GaAs structur
is shown in Figs. 1 and 2 for two different types of 2
quantum confinement: Square well~Fig. 1! and heterojunc-
tion ~inversion layer type approximately ‘‘triangular’’! con-
finement~Fig. 2!. The qualitative results for the two kinds o
confinement are, as expected, very similar~although the ac-
tual quantitative resistance values depend on the natur
confinement since the scattering and screening matrix
ments are strongly confinement dependent4 through the wave
function spread normal to the 2D confinement plane!. The
resistivity can be written asr(T)5r01r imp(T)1rph(T),
wherer0[r(T→0) is the residual resistivity arising entirel
from ~screened! charged impurity scattering in our theor
~for a weakly localized systemr0 diverges logarithmically as
T→0, our theory is valid above the crossover temperat
scale for weak localization to set in—no indication for t
expected lnT weak localization divergence is seen in t
experimental data of Ref. 2 down to the lowest reported m
surement temperature, 35 mK).rph(T) is the resistivity
contribution by phonon scattering6 which could be quite sig-
nificant for 2D holes in GaAs already in the 1210 K tem-
perature range. Finally,r imp(T) is the temperature-
dependent partof the charged impurity~i.e., random
disorder! scattering contribution to the resistivity, i.e.,r0
1r imp(T)[r i is the total impurity contribution to the resis
tivity. We note thatr0, which sets the overall resistivity sca
@by definition, bothr imp(T) andrph(T) vanish asT→0# in
the problem, is determined by the amount of the rand
disorder in the system which is in general unknown. T
amount of random disorder~and consequentlyr0) depends
on the strength and the spatial distribution of all the impur
scattering centers in the system. We parametrize the cha
impurity density, assuming them to be randomly distribu
static Coulomb charged centers interacting with the 2D c
riers via the screened Coulomb interaction. We adjust
charged impurity density~assumed to be randomly distrib
uted in our calculations! to get agreement between theo
and the experimental data—thus the scaler0 is essentially an
adjustable parameter in our theory since the actual impu
distribution in the 2D systems of interest is simply n
known. We emphasize, however, that the charged impu
density needed in our theory to obtain agreement betw
our calculations and the experimental data forr0 are reason-
able.

Before discussing our results we make three salient
marks about our calculation and model. First, we neg
scattering by interface roughness, alloy disorder, etc., in
calculation~including only charged impurity scattering in th
theory! since it is well-known that the dominant low tem
perature resistive mechanism in high quality GaAs structu
arises essentially from charged impurity scattering~it is
straightforward to include additional scattering mechanis
in our calculations with the unpleasant complication of ha
ing additional unknown parameters, such as the interf
roughness strength, in the theory; our choice is to keep
number of unknown adjustable parameters at a minimum
l-
e

of
e-

e

a-

e

ed
d
r-
e

ty

ty
en

e-
t

ur

s

s
-
e
e
y

assuming that all of the random disorder scattering is cau
by randomly distributed charged impurity scattering whi
should be an excellent approximation for the extreme h
quality GaAs samples used in Ref. 2!. Second, the Matthies
sen’s rule, which is implicitly assumed in separating o
r i(T) andrph(T), is known to be not strictly valid at finite
temperatures4 because different scattering rates do not si
ply add in the total resistivity. It is important to emphasiz
however, that we do not assume the Matthiessen’s rule in
theoretical calculations, and the total resistivity andr(T) is
written down simply as a rough guide for qualitative discu
sion. In any case, the deviation from Matthiessen’s rule is
the order of 30% or less, which is not of much conseque
for our discussion. Finally, the third remark we make is
garding our use of the single scattering Born approximat
in our Boltzmann theory~neglecting all multiple scattering
effects!, which can be justified by noting that our calculate
resistivity ~and the corresponding experimental resistiv
measured in Ref. 2! always satisfies the weak scattering co
dition of kFl @1—in fact, our results are restricted tokFl
.3 even in the worst situation~for our highest resistance
results!. We therefore believe that the Born approximati
may not be a poor approximation for our problem.

In Fig. 1 we show our calculated 2D hole resistivity fo
symmetric square well systems corresponding to the sam
of Ref. 2. The actual sample configuration is shown sc
matically as an inset in Fig. 1. We also show some repres
tative experimental2 results~from Fig. 2 of Ref. 2!. We em-
phasize that the quantitative agreement with the data of R
2, while being certainly indicative of the essential validi
of our theoretical approach, should not be taken
seriously—it is certainly not the feature of our theory w
would focus on, particularly since the random impurity d
tribution in the experimental samples is unknown. It is t
overall striking qualitative similarity between our micro
scopic theory and the experimental data2 which deserves at-
tention. This is particularly so because the density and te
perature dependence of the measured resistance in R
shows a thoroughly nontrivial nonmonotonic behavior whi
is completely reproduced in our calculations. This striki
nonmonotonicity inr(T), at lower carrier densities, arise
from a competition among three mechanisms: Screen
which is particularly important at lower T; nondegenera
and the associated quantum-classical crossover forT>TF
([EF /kB , the Fermi temperature! which was discussed in
Ref. 8 in the context ofn-Si MOSFET’s; and phonon scat
tering effect which is negligible below 1 K, but starts b
coming quantitatively increasingly important forT.1 K.
The Fermi temperature for the 2D hole system can be
pressed asTF50.64(n/1010) K wheren is the 2D hole den-
sity measured in units of 1010 cm22. Thus for n54.8
31010 cm22 betweenn50.6531010 cm22 in Fig. 1, TF
varies between 3 and 0.4 K. This makes the quantu
classical crossover physics particularly significant for the
sults of Ref. 2 as was already noted by the authors in Re

At higher densities~the bottom two curves in Fig. 1! the
quantum-classical crossover effects are not particularly
portant because phonon scattering becomes important be
the classical behavior8 r;T21 can show up, and the system
makes a transition from the quantum regime to the pho
scattering dominated regime. The fast rise inr(T) at highT



gh

c
nt

-
l
im
it

os
ot

tu
yp
he
s
on
g.
e

of
o
Re

ed
n

,

dent

if
.

e

o-
ig.
en

s-

ce

gs.
-
at
et-

of
As

en-
m-

ch

y
-
m

n

on-

,

ho-
e

RAPID COMMUNICATIONS

R7840 PRB 61S. DAS SARMA AND E. H. HWANG
in Fig. 1 is the phonon scattering effect. At low enou
densities, however, phonon scattering effects are absent~be-
cause phonons are frozen out in the low temperature Blo
Grüneisen range6! at the quantum-classical crossover poi
which occurs at very low temperatures aroundT,TF
,1 K ~the top two curves in Fig. 1!. In these low-density
results one can seer(T) increasing with T at lower tempera
tures due to screening effects,8 then the quantum-classica
crossover occurs at the intermediate temperature reg
around TF where nondegeneracy effects make resistiv
decrease8 as r;T21; eventually at higher temperatures (T
>1 K) phonon scattering takes over andr(T) increases
with T again. At higher densities,TF is pushed up to the
phonon scattering regime, and the quantum-classical cr
over physics is pre-empted by phonons so that nonmon
nicity effects are not manifest.

The nonmonotonic behavior ofr(T) as a function ofn
andT is made more explicit in Fig. 2~a! where we show our
calculated resistivity for the same density and tempera
range as in Fig. 1 for a heterostructure inversion-layer-t
‘‘triangular’’ confinement 2D hole gas, separating out t
pure impurity scattering contribution~i.e., the dashed curve
in Fig. 2~a! leave out the phonon scattering contributi
completely!. First, we note that the resistivity results in Fi
2~a! are very similar to those in Fig. 1, indicating that th
transport behavior seen in Ref. 2 is the generic behavior
low density 2D GaAs hole system, and does not arise fr
any particular feature of the square well samples used in
2. Second, the interplay of screening~low temperature!,
phonons~high temperature!, and nondegeneracy~high tem-
perature and low density! is manifestly obvious in Fig. 2~a!:
the intriguing low-density nonmonotonicity in the observ
r(T) clearly arises from the fact that both screening a
phonon scattering mechanisms give rise to ar(T) monotoni-
cally increasing withT ~at low temperature for screening
and at high temperatures for phonons!, but nondegeneracy
effects produce ar(T) decreasing withT for T>TF . Since

FIG. 1. The calculated 2D hole resistivityr(T) for symmetric
square well systems corresponding to the hole densitiesn
50.65,1.07,1.63,3.26,4.8031010 cm22 ~from top to bottom! with
random impurity densitiesNi50.7,0.75,0.8,2.0,3.531015 cm23,
respectively. In the inset, the sample configuration is shown s
matically. In this calculation we use the parametersdw5300 Å,
d15200 Å, andd2550 Å. We use a very small random impurit
density,Nw5331012 cm23, in the GaAs layer itself which is con
sistent with the extreme high quality of the samples in Ref. 2. So
representative experimental data points from Ref. 2 are shown~the
actual random disorder in the experimental samples is unknow!.
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phonon scattering is the dominant temperature-depen
scattering mechanism in GaAs holes forT.1 K, the non-
monotonicity can show up in any significant way only
TF<1 K, which is precisely the experimental observation

As an interesting comparison, we show in Fig. 2~b! the
calculatedr(T), without any phonon scattering, for the sam
densities~and impurity scattering parameters! as in Fig. 2~a!
for 2D electroninversion layers confined in a GaAs heter
structure@i.e., the only difference between the results for F
2~a! and Fig. 2~b! is that the GaAs electron mass has be
used in the calculations corresponding to Fig. 2~b! rather
than the hole mass#. The neglect of phonon scattering is ju
tified by the fact that phonons contribute6 significantly to
GaAs 2D electron resistivity only forT.10 K—in fact,
inclusion6 of appropriate phonon scattering would produ
results indistinguishable from the results shown in Fig. 2~b!
~i.e., up to 5 K). The difference between the results of Fi
2~a! ~holes! and 2~b! ~electrons! is striking: there is essen
tially no observable~on log scale! temperature dependence
low temperatures in the 2D electron resistivity in GaAs h
erostructure down to 2D densities as low asn50.38
31010 cm22. This essential temperature independence
low temperature electronic resistance in high quality Ga
heterostructures, which is a well-known9 experimental fact,
arises from the weak screening property~associated with its
low effective mass and the associated small electronic d
sity of states! of 2D electrons in GaAs heterostructures co

e-

e

FIG. 2. The calculated resistivity for a heterostructure inversi
layer-type ‘‘triangular’’ confinement 2D~a! hole gas and~b! elec-
tron gas for carrier densitiesn50.38,0.65,1.07,1.63,1.93,3.26
4.15,4.80,8.6631010 cm22 ~from top to bottom! with random im-
purity densitiesNi50.3,0.3,0.3,0.3,0.3,0.9,1.1,1.1,5.031015 cm23,
respectively. The dashed curves in~a! and the solid curves in~b!
represent the pure impurity scattering contribution without any p
non scattering. The inset in~a! show the sample configuration. W
used15250 Å andd25100 Å. The impurity density in GaAs is
Nw5331012 cm23.
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pared with higher mass 2D holes in GaAS or 2D electron
Si MOSFET’s. This weak screening behavior of GaAs el
trons precludes any strong temperature-dependentr(T) even
at very low carrier densities~and temperatures!. The
quantum-classical crossover phenomenon, however, still
curs aroundT;TF , leading to ar(T);T21 for T>TF ,
which is manifestly obvious in Fig. 2~b!, particularly for
lower densities. Note that the Fermi temperature in Fig. 2~b!
corresponds toTF54.1(n/1010) K with n being the 2D elec-
tron density in Fig. 2~b! measured in units of 1010 cm22.
Thus the Fermi temperature in Fig. 2~b! ranges from 1.5 K
~top curve! to 35.5 K ~bottom curve!. We note that the de
creasingr(T) at higherT in Fig. 2~b! arises not only from a
quantum to classical crossover~which is the dominant effec
at lower densities whenTF is low!, but also from the finite
temperature Fermi surface averaging in a degenerate q
tum system. It is easy to show that the Fermi surface a
aging effect at finite temperatures, by itself, always leads
finite temperature resistivity which decreases weakly w
t,

a
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c-

an-
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h

temperature~even in theT→0 limit!—in fact, this effect by
itself leads tor(T)'r0@12O(T/TF)2#, and can only be ob-
served if the temperature-dependent screening effects are
important. This effect was first observed in 2D electrons
GaAS heterostructures more than fifteen years ago.10

To conclude, we have developed a theory for the l
temperature transport properties of 2D holes and electr
confined in low-density and high mobility GaAs heterostru
tures. Our theory includes temperature-dependent scree
of impurity scattering and phonon scattering effects. Agr
ment between our theory and experiment suggests
screening and impurity scattering effects play an essen
role in determining much of the intriguing temperature a
density dependent transport properties in 2D systems,
that random disorder~mostly arising from charged impurity
scattering! is an important ingredient in the physics of low
density 2D systems.

This work was supported by the U.S. ARO. and the U
ONR.
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