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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.

A number of recent density-dependent low temperatur@D MIT transitiort at critical r; values as low ass~8—12
transport measurements in dilute two-dimensiq2al) n-Si (Si MOSFET’9 and 10-20(GaAs hole systemsThe ex-
metal-oxide-semiconductor field-effect transistilOSFET)  perimental results presented in Ref. 2 thus compellingly
and p-GaAs heterostructure systems have attracted a gredemonstrate that interactidie., therg parameteris by no
deal of attentiohbecause the experiments nominally exhibit means the onlyor perhaps even the dominanariable con-

a metal-insulator-transitiof2D MIT) as a function of 2D trolling the physics of 2D MIT; disordeand perhaps even
carrier density ). In addition to this unexpected 2D MIT temperaturgalso plays an important role.

phenomenofat this stage it is unclear whether the transition  Our transport theory for the 2D hole system employs the
represents a tru€=0 quantum phase transitid®@PT) or a finite temperature Boltzmann equation technique, which has
finite temperature crossover behavidhese measurements earlier been successful in-Si MOSFET'’s (Ref. 4 and
reveal a number of intriguing transport propertigs dilute  n-GaAs system&® We include the following effects in our
2D systems, such as a remarkable temperature dependencecafculation: (i) Subband confinement effec{se., we take
the low-density resistivity in the nominally metallic phase, into account the extent of the 2D system in the third dimen-
which deserve serious theoretical attention in their owrsion and do not assume it to be a zero-width 2D |gyi)
rights irrespective of whether the 2D MIT phenomenon is ascattering by screened charged random impurity ceni@rs;
true QPT or not. finite temperature and finite wave vector screening through

In this paper we provide a quantitative theory for one suclrandom phase approximatid®RPA) (actually we employ a
recent experimeftcarried out in a low-density GaAs-based slightly modified versiohof RPA, the so-called 2D Hubbard
2D hole gas. In our opinion, Ref. 2 represents a particularhapproximation, which approximately and rather crudely in-
important experiment in relation to the 2D MIT phenomenoncorporates the electron-electron interaction-induced vertex
(although ironically no MIT is actually observed in Ref. 2 — correction in the screening function which may be important
even the lowest density data in Ref. 2 are entirely in theat the low carrier densitiéseing investigated—it turns out
nominally metallic phasebecause the ultrapure samplesthat our calculated resistance with the Hubbard approxima-
used in Ref. 2 explore the 2D “metallic” regime of the tion is within 30% of the corresponding RPA resitév)
highest mobility (i.e., the best quality or equivalently the phonon scatterind The effects weneglectin our theory are
lowest disordey; the lowest carrier density, and the lowest (i) all localization and multiple scattering correctior()
temperature so far studied in the context of the 2D MITinelastic electron interaction effects—in fact, all effects of
phenomenon. More specifically, there have been suggestiorgectron-electron interaction are neglected in our theory ex-
and speculatiosthat the 2D MIT phenomenon is an cept for the long-range screening through RPA éamproxi-
interaction-driven QPTthe scaling theory of localizatidn mate short-range vertex correction through Hubbard ap-
rules out a true localization transition in 2D disordered sysproximation.
tem) with the dimensionlessg parameter, which is the ratio Our calculations are similar to the ofiege recently car-
of the interaction energy to the noninteracting kinetic energytied out for electron inversion layers mSi MOSFET’s with
of the 2D electron system, being the tuning parameter whiclwo important differencesi) we include theull hole density
drives the QPT. It is important to emphasize thaincreases in the current calculations without subtracting out any criti-
asn decreasesr(=n~Y?), and therefore the 2D systems of cal density as done in Ref. 8—this is, in fact, consistent with
Ref. 2 represent the highegbwes) r¢ (n) and consequently our Si MOSFET calculations since the critical density in Ref.
the most strongly interacting 2D systems experimentally2 must be extremely small, and in any case SdH measure-
studied so far in the context of the 2D MIT phenomenon. Toments carried out in Ref. 2 show thall the carriers are
be preciser values of the nominally “metallic” 2D hole “free” and participating in the conduction process;) we
regime explored in Ref. 2 go down to as low es=26 include phonon scattering effects in the current calculations
(corresponding to the lowest hole densitp=3.8 because phonon scattering is significant for GaAs holes al-
x10° cm™? studied in Ref. 2 with no sign of an MIT  ready in theT=1—-10 K temperature range whereas phonon
whereas the other systems studied in the literature exhibit thecattering is negligibly small im-Si MOSFET's in the
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1-10 K temperature range. Details of phonon scattering calassuming that all of the random disorder scattering is caused
culations are given in Ref. 6. The essential point is that thdy randomly distributed charged impurity scattering which
phonon resistivity is proportional t& for T>1 K and is  should be an excellent approximation for the extreme high
negligibly small in the low temperature Bloch-Grisen re- quality GaAs samples used in Rej. Zecond, the Matthies-
gime. sen’s rule, which is implicitly assumed in separating out
Our calculated resistivity for 2D holes in GaAs structuresp;(T) andp,,(T), is known to be not strictly valid at finite
is shown in Figs. 1 and 2 for two different types of 2D temperaturésbecause different scattering rates do not sim-
guantum confinement: Square wéHig. 1) and heterojunc- ply add in the total resistivity. It is important to emphasize,
tion (inversion layer type approximately “triangular'ton-  however, that we do not assume the Matthiessen’s rule in our
finement(Fig. 2). The qualitative results for the two kinds of theoretical calculations, and the total resistivity an(d) is
confinement are, as expected, very simi{athough the ac- written down simply as a rough guide for qualitative discus-
tual quantitative resistance values depend on the nature afon. In any case, the deviation from Matthiessen’s rule is of
confinement since the scattering and screening matrix elehe order of 30% or less, which is not of much consequence
ments are strongly confinement depenfiémough the wave for our discussion. Finally, the third remark we make is re-
function spread normal to the 2D confinement p)ariéhe  garding our use of the single scattering Born approximation
resistivity can be written ag(T)=po+ pimp(T) +ppn(T), in our Boltzmann theoryneglecting all multiple scattering
wherepy=p(T—0) is the residual resistivity arising entirely effects, which can be justified by noting that our calculated
from (screened charged impurity scattering in our theory resistivity (and the corresponding experimental resistivity
(for a weakly localized systemy diverges logarithmically as measured in Ref.)2always satisfies the weak scattering con-
T—0, our theory is valid above the crossover temperaturalition of kgl>1—in fact, our results are restricted kgl
scale for weak localization to set in—no indication for the >3 even in the worst situatioffor our highest resistance
expected IM weak localization divergence is seen in theresults. We therefore believe that the Born approximation
experimental data of Ref. 2 down to the lowest reported meamay not be a poor approximation for our problem.
surement temperature, 35 mKp,(T) is the resistivity In Fig. 1 we show our calculated 2D hole resistivity for
contribution by phonon scatterifigvhich could be quite sig- symmetric square well systems corresponding to the sample
nificant for 2D holes in GaAs already in the-110 K tem-  of Ref. 2. The actual sample configuration is shown sche-
perature range. Finally,pin,(T) is the temperature- matically as aninsetin Fig. 1. We also show some represen-
dependent partof the charged impurity(i.e., random tative experimentalresults(from Fig. 2 of Ref. 2. We em-
disordej scattering contribution to the resistivity, i.epq phasize that the quantitative agreement with the data of Ref.
+ pimp(T)=p; is the total impurity contribution to the resis- 2, while being certainly indicative of the essential validity
tivity. We note thatp,, which sets the overall resistivity scale of our theoretical approach, should not be taken too
[by definition, bothp;,(T) andpy,(T) vanish asT—0] in seriously—it is certainly not the feature of our theory we
the problem, is determined by the amount of the randonwould focus on, particularly since the random impurity dis-
disorder in the system which is in general unknown. Thetribution in the experimental samples is unknown. It is the
amount of random disorddand consequently,) depends overall striking qualitative similarity between our micro-
on the strength and the spatial distribution of all the impurityscopic theory and the experimental dathich deserves at-
scattering centers in the system. We parametrize the chargéention. This is particularly so because the density and tem-
impurity density, assuming them to be randomly distributedperature dependence of the measured resistance in Ref. 2
static Coulomb charged centers interacting with the 2D carshows a thoroughly nontrivial nonmonotonic behavior which
riers via the screened Coulomb interaction. We adjust thé completely reproduced in our calculations. This striking
charged impurity densityassumed to be randomly distrib- nonmonotonicity inp(T), at lower carrier densities, arises
uted in our calculationsto get agreement between theory from a competition among three mechanisms: Screening,
and the experimental data—thus the sggjés essentially an  which is particularly important at lower T, nondegeneracy
adjustable parameter in our theory since the actual impurit@nd the associated quantum-classical crossovei ol ¢
distribution in the 2D systems of interest is simply not (=Eg/Kg, the Fermi temperaturevhich was discussed in
known. We emphasize, however, that the charged impurityRef. 8 in the context oh-Si MOSFET'’s; and phonon scat-
density needed in our theory to obtain agreement betweeigring effect which is negligible below 1 K, but starts be-
our calculations and the experimental datadgrare reason- coming quantitatively increasingly important far>1 K.
able. The Fermi temperature for the 2D hole system can be ex-
Before discussing our results we make three salient repressed a3g=0.64(n/10"°) K wheren is the 2D hole den-
marks about our calculation and model. First, we neglecsity measured in units of 16 cm 2. Thus for n=4.8
scattering by interface roughness, alloy disorder, etc., in ouxk 10'° cm~2 betweenn=0.65<10° cm 2 in Fig. 1, T¢
calculation(including only charged impurity scattering in the varies between 3 and 0.4 K. This makes the quantum-
theory) since it is well-known that the dominant low tem- classical crossover physics particularly significant for the re-
perature resistive mechanism in high quality GaAs structuresults of Ref. 2 as was already noted by the authors in Ref. 2.
arises essentially from charged impurity scatterifity is At higher densitiegthe bottom two curves in Fig.)the
straightforward to include additional scattering mechanismsjuantum-classical crossover effects are not particularly im-
in our calculations with the unpleasant complication of hav-portant because phonon scattering becomes important before
ing additional unknown parameters, such as the interfacthe classical behavidp~T~* can show up, and the system
roughness strength, in the theory; our choice is to keep thmakes a transition from the quantum regime to the phonon
number of unknown adjustable parameters at a minimum bgcattering dominated regime. The fast rise{T) at highT
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FIG. 1. The calculated 2D hole resistivip(T) for symmetric

square well systems corresponding to the hole densities 1.00
=0.65,1.07,1.63,3.26,4.8010'° cm 2 (from top to bottom with
random impurity densitiesN;=0.7,0.75,0.8,2.0,3%10" cm™3,
respectively. In the inset, the sample configuration is shown sche-
matically. In this calculation we use the parametégs=300 A,
d;=200 A, andd,=50 A.We use a very small random impurity
density,N,,=3x10'? cm 3, in the GaAs layer itself which is con-
sistent with the extreme high quality of the samples in Ref. 2. Some 0.01¢E
representative experimental data points from Ref. 2 are shithven 0.1 1.0
actual random disorder in the experimental samples is unknown T (K)

]

in Fig. 1 is the phonon scattering effect. At low enough FIG. 2. The calculated resistivity for a heterostructure inversion-
densities, however, phonon scattering effects are alfbent layer-type “triangular” confinement 2a) hole gas andb) elec-
cause phonons are frozen out in the low temperature BlocHIon gas for carrier densities1=0.38,0.65,1.07,1.63,1.93,3.26,
Grineisen rand® at the quantum-classical crossover point 4-15.4.80,8.68:10'° cm 2 (from top to bottor with random im-
which occurs at very low temperatures aroufie< Tq purity d_ensmesNi=O.3,0.3,0.3,0.3,_0.3,0.9,1.1,1.1_,5.(I)O1 cm -,
<1 K (the top two curves in Fig.)LIn these low-density 'eSPectively. The dashed curves(@ and the solid curves ifb)
results one can sqgT) increasing with T at lower tempera- represent the pure mjpurlt_y scattering contribution V\{IthOut. any pho-
tures due to screening effeétshen the quantum-classical non Scftte”ng' The miet (@) show th_e sample conflgyratlon. We
; ; . used;=250 A andd,=100 A. The impurity density in GaAs is

crossover occurs at the intermediate temperature regi —3%102 om 3
around T where nondegeneracy effects make resistivity " '
decreastas p~T1; eventually at higher temperature$ (  phonon scattering is the dominant temperature-dependent
=1 K) phonon scattering takes over apdT) increases scattering mechanism in GaAs holes for-1 K, the non-
with T again. At higher densitiesT is pushed up to the monotonicity can show up in any significant way only if
phonon scattering regime, and the quantum-classical cros3+<1 K, which is precisely the experimental observation.
over physics is pre-empted by phonons so that nonmonoto- As an interesting comparison, we show in Figb)2the
nicity effects are not manifest. calculatedp(T), without any phonon scattering, for the same

The nonmonotonic behavior gf(T) as a function ofn  densities(and impurity scattering parametgess in Fig. 2a)
andT is made more explicit in Fig.(&) where we show our for 2D electroninversion layers confined in a GaAs hetero-
calculated resistivity for the same density and temperaturstructurefi.e., the only difference between the results for Fig.
range as in Fig. 1 for a heterostructure inversion-layer-typ&(a) and Fig. Zb) is that the GaAs electron mass has been
“triangular” confinement 2D hole gas, separating out theused in the calculations corresponding to Figb)2rather
pure impurity scattering contributiofi.e., the dashed curves than the hole magsThe neglect of phonon scattering is jus-
in Fig. 2@ leave out the phonon scattering contribution tified by the fact that phonons contribfitsignificantly to
completely. First, we note that the resistivity results in Fig. GaAs 2D electron resistivity only foif >10 K—in fact,
2(a) are very similar to those in Fig. 1, indicating that the inclusiorf of appropriate phonon scattering would produce
transport behavior seen in Ref. 2 is the generic behavior of eesults indistinguishable from the results shown in Fidp) 2
low density 2D GaAs hole system, and does not arise fronti.e., up to 5 K). The difference between the results of Figs.
any particular feature of the square well samples used in Re2(a) (holes and Zb) (electron$ is striking: there is essen-
2. Second, the interplay of screeniritpw temperaturg tially no observabl€on log scal¢temperature dependence at
phonons(high temperatune and nondegeneradhigh tem-  low temperatures in the 2D electron resistivity in GaAs het-
perature and low densitys manifestly obvious in Fig. (2): erostructure down to 2D densities as low as=0.38
the intriguing low-density nonmonotonicity in the observed x 10'° cm™2. This essential temperature independence of
p(T) clearly arises from the fact that both screening andow temperature electronic resistance in high quality GaAs
phonon scattering mechanisms give rise jg(@) monotoni-  heterostructures, which is a well-knoWaxperimental fact,
cally increasing withT (at low temperature for screening, arises from the weak screening propef@gsociated with its
and at high temperatures for phongnkut nondegeneracy low effective mass and the associated small electronic den-
effects produce a(T) decreasing withl for T=Tg. Since sity of stategof 2D electrons in GaAs heterostructures com-
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pared with higher mass 2D holes in GaAS or 2D electrons irtemperaturéeven in theT—0 limit)—in fact, this effect by

Si MOSFET's. This weak screening behavior of GaAs elecitself leads top(T)~ po[1— O(T/Tg)?], and can only be ob-
trons precludes any strong temperature-depeng@iteven  served if the temperature-dependent screening effects are un-
at very low carrier densitiesiand temperatur¢s The important. This effect was first observed in 2D electrons in
quantum-classical crossover phenomenon, however, still 063a8AS heterostructures more than fifteen years'8go.

curs aroundT~Tg, leading to ap(T)~T~! for T=T¢, To conclude, we have developed a theory for the low
which is manifestly obvious in Fig. (B), particularly for ~teémperature transport properties of 2D holes and electrons
lower densities. Note that the Fermi temperature in Fig) 2 Cconfined in low-density and high mobility GaAs heterostruc-
corresponds td=4.1(n/10'9 K with n being the 2D elec- tures. Our theory _mcludes temperature-d_ependent screening
tron density in Fig. &) measured in units of 10 cm 2. of impurity scattering and phonon scattering effects. Agree-

. o ment between our theory and experiment suggests that
Thus the Fermi temperature in Figb? ranges from 1.5 K : . ; . ;
(top curve to 35.5 l?(bottom curv%bive ngote that the de- Screening and impurity scattering effects play an essential

. higherT in Fi . v f role in determining much of the intriguing temperature and
creasingp(T) at higherT in Fig. 2(b) arises not only from a  yensity dependent transport properties in 2D systems, and

guantum to classical crossovevhich is the dominant effect that random disordefmostly arising from charged impurity

at lower densities whefii is low), but also from the finite  gcatering is an important ingredient in the physics of low-
temperature Fermi surface averaging in a degenerate qUagansity 2D systems.

tum system. It is easy to show that the Fermi surface aver-
aging effect at finite temperatures, by itself, always leads to a This work was supported by the U.S. ARO. and the U.S.
finite temperature resistivity which decreases weakly withONR.
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