PHYSICAL REVIEW B 70, 235336(2004)

Temperature dependent resistivity in the low-resistance region for diffusive transport
in two dimensions

D. J. W. Geldaft?2 and D. Neilsof?
IDipartimento di Fisica, Universita di Camerino, 62032 Camerino, Italy
2School of Physics, University of New South Wales, Sydney 2052, Australia
SDepartment of Physics, Dalhousie University, Halifax, NS B3H3J5, Canada
(Received 25 August 2004; published 28 December 2004

The interpretation of the metal-insulator transition phenomena in disordered two-dimensional electron sys-
tems in terms of density-dependent scaling variables suggests the existence of a quantum critical point at some
critical electron density. However a first principles scaling theory based on renormalization(B@umeth-
ods predicts a strong temperature dependence of the dimensionless resi&tiVifyeven at smallR(T), that
is not observed. The observed properties are in fact consistent with a weakly disordered Fermi liquid, and there
are no indications of strong temperature dependence induced by scaling. While the RG expansion in a power
series iNR(T) has only been evaluated to lowest order, this should be sufficient to describe experiments in the
region of very smallR. A further apparent anomaly is a return from metal-like to insulating-like behavior for
increasing density. We explain these fundamental discrepancies between the first principles theory and experi-
ment. We find that thék <1 data in the currently attainable temperature range are in a weak scaling regime
described by the logarithmic approximation. We independently determine the density dependent prefactor of
the logarithm using data for the spin susceptibility and effective mass. We find good agreement between theory
and experiment forR(T) in the diffusive regime. We point out that there are corrections to the leading
logarithm approximation that should be observable at still lower temperatures.

DOI: 10.1103/PhysRevB.70.235336 PACS nuni®er73.20.Qt, 71.10.Ca, 71.36h
I. WEAK TEMPERATURE DEPENDENCE OF term (one-loop approximationof the series expansion in
RESISTIVITY AT SMALL R powers ofR for the RG equations has been calculated so far

) . o but this should be sufficient for small resistance. The result-
Scaling equations based on renormalization grd®®)  jng T dependence due to RG scaling in this theory is very
methods have played an important part in theoretical invesstrong, and it is even singular for certain physical
tigations of the metal-insulatqu\/ll) transition phenomena quantitiess_—lo However, measurements for sm&lshow no
observed in two-dimensional electron syste@®ES in indications of aT dependence induced by rescaling which
high purity semiconductor MOSFETSs and heterostructures. Avould be expected from an RG flow in the experimentally
Scaling picture is relevant if the observed MI transition accessible temperature rarﬂé@n the contrary, experiments
anomalies at low temperature turn out to be due to a continugt high conductivity can be interpreted in terms of a Fermi

ous second order transitidnwhile the bifurcation of the liquid that is only weakly perturbed by quantum interference
temperature dependent resistiviR(T) observed at critical and diffusion correction&

carrier densities\; (Refs. 2-3 is a primary feature of the M This result is surprising, particularly if the MI transition
transition, properties oR(T) in the very low resistivity re-  phenomena are indeed due to a quantum critical gQ@P)
gion at lowT have also remained puzzlifg. accompanied by critical fluctuations. Castellanial. noted

In this paper we consider this low resistivity region, that the strong rescaling predicted for the dynamical energy
R <1 in the low temperature diffusive regimgT<kgT,  scale may restrict the observability of the RG scalin@Rato
=hl 1, wherer, is the Drude elastic scattering time. The temperatures so low that they are not currently accessible.
dimensionless resistivitR is proportional to the resistance However, this does not address the role of the tuning param-
per squareR =(e*/ 7h)Ry. It is the diffusive regime of in- eter if the primary bifurcation is due to a QCP with associ-
teracting diffusive modes that is described by RG methodsited critical fluctuations. The tuning parameter in this case is
where a scaling picture is expected to apply. The ballistiche relative density shifs,,=[(n—n.)/n.].
regime which occurs at largef/T, requires a separate In this paper we point out that even if the primary bifur-
treatment, but this regime is not relevant near the zero tem-cation is due to a QCP with associated critical fluctuations,
perature limit. the properties in the very lo® region will still be those of

A first principles RG theory based on a perturbation ex-a Fermi liquid with weak disorder even at very low tempera-
pansion in powers oR has been proposed for the low tem- ture. This result is consistent with the experimental observa-
perature diffusive regim&:l° This takes into account the tions of Ref. 12. There are two reasons for this Fermi liquid-
long range effect of coupled diffusive modes for the 2DESIike behavior. First, the carrier density for loR is far from
with Coulomb interactions. The electron-electi@e) inter-  the primary critical density,. so the relative density shif,
actions which can have a very strong effect in two dimen4s not small and hence lies well outside the critical regime.
sions(2D) were treated nonperturbatively. Only the leadingThe correlation lengti~ &,” must therefore remain micro-
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scopically smallv is a critical exponent Effects of critical-  ties may cross as the temperature is lowered. Such a crossing

ity due to any QCP will not be observed at these noncriticabf lines does not occur at a conventional second order tran-

densities. No matter how low the temperature is taken, thersition, and the reentrant phenomenon would be very puzzling

can be no critical fluctuations and no renormalization of theindeed if it were within the critical range of influence of the

kind associated with the primary transition. presumed QCP. However this is not the case since the tuning
The second reason for the Fermi liquid-like behavior isparamete,«1 whenR <1. This is a further indication that

the very slow evolution of scaling in the RG equations ofthe reentrant insulator is outside the primary critical regime

Refs. 8—10 whemR <1. This has the consequence that theand is a distinct additional feature of the disordered 2DES.

resistivity data forR <1 in the diffusive regime in the cur-

rently available temperature range all lie in the range of weak  |||. RG PREDICTIONS AT SMALL R AND WEAK

scaling corrections. As described in Sec. lll, the leading SCALING

dependence oR(T) in the diffusive regime is then given by ) ) )

the well known logT term8-1%14The leadingT dependence We start by recalling the RG equation f& to leading

induced by scaling is similarly weak for all other RG func- Order for purely potential scatteririg;®

tions. Further evidence of weak scaling in this region is the - 2

change of sign with density of the prefactor of the Toterm dR/dy = a(7,JR", @

at the secondary reentrant insulator transition. )

a(y) =n, +[1+((2n,)"- 1)

Il. REENTRANT INSULATOR TRANSITION X{1=((1+y)y)logl+ ) —v]. (2

Areentrant insulator, that is a second crossover from “mel’,=Z1y, is the electron-hole scattering amplitude for the trip-
tallic” behavior (dR/JT>0) back to a reentrant “insulator” let spin state, witiZ the dynamical energy scaling function,
behavior(dR/JT < 0) as the density increases, was reportedand [';.=Zy, the particle-particlgp-p) scattering amplitude.
for p-GaAs in Ref. 15. The primary Ml bifurcation was ob- n, is the number of valley& y=log\™%, and rescaling of
served at a critical densitp.. In addition to this primary momentum and energy is specified by integrating over the
transition, it was found that when the density was furthermomentum and energy shel}3<§< Kk?, Zw/D<k§, with D
increased th@ dependence oR(T) reverts from “metallic-  the diffusion constant® There are also coupled RG equa-

like” back to “insulatorlike” behavior. tions forT',,
We first point out that this reentrant phenomenon cannot _ 2
be accounted for by the two-band model feGaAs. Recall dyldy=R[L21+7)*+ %(1+3y,+2/5)],  (3)

that for hole densitiep>2x 10" cm? the Fermi energy and forz andI',.8-1°A review of the solution to the set of
exceeds the energy where the degenerate hole band spligupled differential equations for the RG scaling functions,

into two subbands split by spin-orbit coupling. It has beenyjith emphasis on the strong scaling lirdargey) is given in
argued that the combination of inelastic intersubband Scatteﬁef. 21p_p Scattering p|ays no essential role in our discus-

ing and hole-hole interactions causes the temperature depegipn so we neglect,.

dence ofR(T) to become metalliclike in behavior and this  Although for the 2D case only a single termdf /dy has
picture was applied to the onset of metallic behavior withheen computed to date, Eq) will nevertheless be valid in
increasing hole density and the magnetoresistance at the pthe regime of parameters whefe@<1 provided the other
mary MI transition'®!’ Later experiments indicated that the coupled RG equations also remain valid. This is quite differ-
simple two-band model is incomplete and not sufficient toent from the situation in the vicinity of the bifurcation, where
account for all of the resulf€ However, irrespective of the R ~1. Reference 22 showed that higher order terms in the
success or otherwise of this two-band model in accountingeries are essential for even a qualitative description in the
for phenomena at the primary transition, it is not relevant topjfurcation region.

the secondary reentrant insulator transition. The two-band The set of coupled differential equations for the RG pa-
model can only predict insulating to metallic behavior with rameters is integrated upward in and solved simulta-
increasing density whereas the reentrant insulator effect gogfeously. This leads to a renormalization of the parameters.
in the opposite direction, that is, from metallic to insulating The energy SCEl'kBT also renormalizes due to ﬂ}edepen_
with increasing density. dence of dynamical energy rescaling function enezdy).

The reentrant insulator phenomenon has also been rehe renormalizations with increasing can then be inter-
ported in conductivity datar=(€’/h)G in Si (see Ref. 18 preted in terms of the physical temperature dependence of
The T dependence ofG was found to be logarithmic, RG parameters adecreases. The observation by Castellani
G=Go+C(n)log T, with a prefactorC(n) that increased as a et al. that the physical temperature at which strong scaling
function of density. At low densitie€(n) was found to be effects can be observed is sharply suppressed(iy (Ref.
negative corresponding to “metallic” dependenceésobn T.  13) is particularly important in the strong scaling regime but
However at a second critical density, the C(n) vanished, s less relevant here since experimental results in the diffu-
and forn>n, C(n) was positive, corresponding to reentrant sive range fork <1 all lie in the weak scaling regime.
“insulator” behavior. The weak scaling regime is defined as having small scal-

A reentrant effect carries with it an implication th@t ing induced corrections to all of the RG functions. From the
dependent resistivity curves associated with different densidght-hand sides of Eqgl) and (3) it is clear that when
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R(y=0)<1 the weak scaling regime can extend over a
considerable range of. In this range the leading depen-
dence of R(T) is given by replacinga(y,(y)) in Eq. (1)

by a(y,(y=0)), integrating, and usingZ(0)=1 to set
y=log(Ty/T). This yields the well-known logarithmic correc-
tion to the Drude conductivityr,

Ac(T) =0o(T) —og= (€?/7h) a(y)log(T/T,). (4)

Equation(4) with a(y,) given by Eq.(2) at y=0, its value
without rescaling, was first given by Finkelstejeee Eq.
(5.2) of Ref. 8 or EQ.(2.109 of Ref. 21. The stronge-e
interactions were treated nonperturbatively. Logarithmic cor- ’
rections to the conductivity in 2D due ®e interactions, in

addition to that due to weak localization, were considered >/ T
earlier by Altshuleret al?® and by Fukuyam&? but only to 08 - «
first order in thee-e interactions. A derivation of Eq4) and 0.6 [ N
an interpretation of the relative contributions of particle-hole 04 L N
singlet and triplet spin states was given in Ref. 14 using g .
conventional many-body theory to all orders rather than RGT 02 [ \\
methods. Reference 14 also explained why the lowest orde 0 '
perturbation theory resdft?* differed from the correct weak N
X L. -0.2 -~
coupling limit of Ref. 8. N —
It is important to stress that E@4) is only the leading -04 | | | | | '"'I =

correction to the conductivity at the onset of the diffusive
regime. There are further corrections of higher ordefRin
arising both from higher order terms neglected in @g.and

from the scaling variation witly of y,(y) and Z(y). How- FIG. 1. (a) Calculatedy, for Si. (b) Dependence of the prefactor
ever, even though Edq4) gives only the leading quantum c(n) in Si on density parametet. Solid line, from measurements
contribution to the conductivity, this can still provide a good in Ref. 19. Dashed line, calculaté(n) = a(y,)/ .

quantitative description of the results of Refs. 15 and 19. The

reason is that the starting(y=0)<1, so the temperature pacome progressively more correlated and this introduces
range of validity of weak scaling is sufficiently large to cover gome uncertainty in the value of*.

ts

the experimental range. In Fig. 4@ we show the resultingy,=(my/m*)(x/ xo)
-1 as a function of the density parametgusing the values
IV. RESULTS AND COMPARISON WITH EXPERIMENT of m*/m, and x/ xo given in Ref. 27. We use throughout the

assumption thal is a constant. Figure(th) compares our

We now determiney, from the spin susceptibility which calculated ;
. prefactor of lo§ with the prefactorC(n) taken
contains the'fact'or 17, and therebyx(yz) from Eq.(2). We from Fig. 2 of Ref. 19. The measuré&{n) should be com-
use a combination of experimental data and theoretical re

sults. Attaccalitest al?® have calculateg for the pure 2DES pirigs\;\gg igtiLCé(g/é)rg ?—:—r)“ie(eAz(/Th)lr(]:(El)?o ZTOf Ref. 19 is
with zero layer thickness and no disorder. However, for real <P AN 9

samples the effects of both disorder and finite layer thickness we see that theory and experiment are in good agreement
must be taken into account. except in the regions=< 3. If we follow the alternate assump-

tion of Pudalovet al?’ that Ty is proportional toR(T), then
) for r¢>5 our C(n) decreases significantly faster withand
A Si the agreement is much poorer in this low density region.

For Si MOSFETs, where significant disorder along the While it is not visible on the scale of this figure, the
interface is unavoidable, the calculated valuegbf, (Ref. ~ measuredC(n) does indeed change sighHowever it only
25) differ significantly from the values directly measured by just crosses zero whereas our calcula@d) continues to
different experimental group8:?’ The experimental values grow with decreasings. The high density limit of the theo-
are in mutual agreement for densitiess 6. x, is the spin  retical C(n) is C(r¢— 0)=3/a for Si with its two valleys.
susceptibility with the same bare band magsbut no Cou-  This is quite large and positive. It is not clear why the ex-
lomb interactions. Pudalost al2 also directly measured the perimental data at smail appear not to extrapolate to this
effective massm*/m, from Shubnikov de Haas oscillation theoretical limit(see Sec. V.
data. Forrg<5 it is a good approximation to assume the
Dingle temperaturélp, is constant since the change in the
resistance over the studied temperature range is small. The
resulting values ofm* are consistent with other measure- For p-GaAs there are no measurements forand this
ments. At lower densities;>5, the parameterst™* and T,  together with the second hole subband and the significant

B. p-GaAs
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FIG. 2. (a) Calculatedy, anda(vy,) as a function of inverse hole density f@iGaAs.(b) Conductivityo(T) for p-GaAs for different hole
densities as indicated. Dashed lines, theoretical predictions for diffusive ré€gigrs< 1. Dashed-dotted lines, measuremedfism Ref. 15.
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anisotropy raise serious difficulties when extracting the dat@omplete expression. The density dependence ointro-
we need. Therefore in this case we use thealculated for duces density dependence into the logarithm, and this affects
the disorder free systefd.That this is a reasonable approxi- any experimental determination 6{n). In addition, the use
mation for the GaAs/AlGaAs system is supported by theof only a single “cutoff’ parameter, in Eq. (4) may be
recent experiments of Vakikt al?® for AIAs narrow quan- insufficient since differene-e scattering amplitudes should
tum wells. These give values qf consistent with Ref. 25. strictly have different cutoffé® These modifications may
Effects of disorder should be less important for these systemsubstantially reduce the discrepancy between experiment and
since the dopants are remote from the interface. current theory in the case of Si at high densities: 3 that
Figure 2a) shows the resulting, and a(y,) as functions appears to be systematic.
of re. We have used an effective mass to band mass ratio of The logarithmic behavior at IoW reported in Ref. 19 and
m*/my,=1.2, representing the effect efe interactions. We also in Ref. 15 is experimental evidence for weak rescaling
compare in Fig. &) the solution of Eq(4) using the calcu- for small R. The resultingT dependence in the regime
lated a(7y,) with the o(T) and Ac(T) measured in GaAs by R <1 is weak for a combination of two reasons. First any
Hamiltonet al!® The startingo, is sensitive to the properties strongT dependence due to a possible QCP will not be ob-
of each sample and so we have useddhevalues given in  served because the values of the tuning paraméteiie
Ref. 15. Following Ref. 15 we have used a band massutside the critical regime of the primary bifurcation. Second
m,=0.3 when relating to the hole densityp. This proce- the T dependence predicted by the RG E@9—3) is weak
dure gives the crossover back to insulating behavior at thbecause the currently available resistivity data®<1 in
observed density, and in addition there is good agreemeithe diffusive regime are all in the range of weak scaling
between the theoretical and experimental temperature depeeerrections to all RG functions. The immediate consequence
dences of the conductivity in the diffusive regime which is atis that the resistance data should be describable by the well-
small T/T,. Approximate values ofl. are identified from known logT with a density dependent prefactor. We deter-
experiment by the crossover from ballistic to diffusive mined the prefactor from independent considerations. The
behavior’ resulting low temperature diffusive behavior predicted by
The temperature range 0.2KT=<1 K lies outside the EQq.(4) is quantitatively consistent with both Refs. 15 and 19,
diffusive region on which we are focused, and the experi-and accounts for the reentrant metal to insulator phenomenon
mental curves exhibit a steeper gradient than that determinéd GaAs and Si. This verifies the consistency of the weak
from Eq.(4). This is due at least in part to a broad crossoverscaling regime.
from diffusive to ballistic behavior at highdr. We note that Finally, although Eq(4) with the appropriatex(y,) is a
for experimentally reported temperatures below 0.1 K, thegood approximation in the currently accessible diffusive

carrier T can be higher than the lattice temperature range, there are nevertheless additional scaling
corrections and these must be included when the temperature
V. CONCLUSION AND DISCUSSION becomes still lower. In particular the Idgbehavior of the

) ~leading logarithmic approximation does not continue to the
There is good agreement between theory and experimefiit of zero temperature and so provides only limited infor-

for Siforrs>3 but a discrepancy appears at higher densitiesmation on the ground state itself. Experimental detection of
We have established that the discrepancy is not removeghese higher order corrections will lead to new insight into

by including the Cooper channel; in the determination tne very lowT properties of the 2DES.
of a(y,). However, part of it may be accounted for by

slight changes in thel dependence of Eq(4) since a
more complete treatment of the weak localization correction
to the conductivity yields the logarithmic factor [dgj;' This work is supported by the Natural Sciences and En-
+7-;|1)/7-;1]. The additional parameter, is the phase relax- gineering Research Council of Canada and an Australian Re-
ation rate?® Equation(4) is the low T limit of this more  search Council Grant.

ACKNOWLEDGMENTS

1S. L. Sondhi, S. M. Girvin, J. P. Carini, and D. Shahar, Rev. Mod. M. Y. Simmons, A. R. Hamilton, M. Pepper, E. H. Linfield, P. D.

Phys. 69, 315(1997. Rose, D. A. Ritchie, A. K. Savchenko, and T. G. Griffiths, Phys.
2S. V. Kravchenko, W. E. Mason, G. E. Bowker, J. E. Furneaux, V. Rev. Lett. 80, 1292 (1998; Y. Y. Proskuryakov, A. K.
M. Pudalov, and M. D’lorio, Phys. Rev. 51, 7038(1995; S. Savchenko, S. S. Safonov, M. Pepper, M. Y. Simmons, D. A.
V. Kravchenko, D. Simonian, M. P. Sarachik, W. Mason, and J.  Ritchie, A. G. Pogosov, and Z. D. Kvon, Phys. Status Solidi B
E. Furneaux, Phys. Rev. Lett.7, 4938(1996. 230, 89 (2002.
3D. Simonian, S. V. Kravchenko, M. P. Sarachik, and V. M. Pu- ®E. Abrahams, Physica Bmsterdam 3, 69 (1999.
dalov, Phys. Rev. Lett79, 2304(1997. 7G. Zala, B. N. Narozhny, and I. L. Aleiner, Phys. Rev. @,
4P. T. Coleridge, R. L. Williams, Y. Feng, and P. Zawadzki, Phys.  214204(2001).
Rev. B 56, R12 764(1997). 8A. M. Finkelstein, Zh. Eksp. Teor. Fiz84¢ 168 (1983 [Sov.

235336-5



D. J. W. GELDART AND D. NEILSON PHYSICAL REVIEW B70, 235336(2004

Phys. JETP57, 97 (1983)]. 19y, M. Pudalov, G. Brunthaler, A. Prinz, and G. Bauer, JETP Lett.
9C. Castellani, C. Di Castro, P. A. Lee, and M. Ma, Phys. Rev. B 68, 534(1999.

30, 527(1984. 20A. Punnoose and A. M. Finkel'stein, Phys. Rev. Leé38, 016802
10A, M. Finkelstein, Z. Phys. B: Condens. Matt&6, 189 (1984). (2002.
1E. Abrahams, S. V. Kravchenko, and M. P. Sarachik, Rev. Mod2*A. M. Finkelstein, Sov. Sci. Rev., Sect. A4, 3 (1990).

Phys. 73, 251(2001). 22D, J. W. Geldart and D. Neilson, Phys. Rev.63, 2053092003

12y, Y. Proskuryakov, A. K. Savchenko, S. S. Safonov, M. Pepper,2®B. L. Altshuler, A. G. Aronov, and P. A. Lee, Phys. Rev. Lett,
M. Y. Simmons, D. A. Ritchie, A. G. Pogosov, and Z. D. Kvon, 1288(1980.

Phys. Status Solidi B230, 89 (2002. 24H. Fukuyama, J. Phys. Soc. Jp#8, 2169(1980.

13C. Castellani, C. DiCastro, and P. A. Lee, Phys. Rev5B  25C. Attaccalite, S. Moroni, P. Gori-Giorgi, and G. B. Bachelet,
R9381(1998. Phys. Rev. Lett.88, 256601(2002.

14B, L. Altshuler and A. G. Aronov, Solid State Commu#6, 429 26F F, Fang and P. J. Stiles, Phys. Rev.1B4 823 (1968 T.
(1983. Okamoto, K. Hosoya, S. Kawaji, and A. Yagi, Phys. Rev. Lett.

I5A. R. Hamilton, M. Y. Simmons, M. Pepper, E. H. Linfield, P. D. 82, 3875(1999.
Rose, and D. A. Ritchie, Phys. Rev. Le82, 1542(1999. 21y, M. Pudalov, M. E. Gershenson, H. Kojima, N. Butch, E. M.

163, 3. Murzin, S. I. Dorozhkin, G. Landwehr, and A. C. Gossard, Dizhur, G. Brunthaler, A. Prinz, and G. Bauer, Phys. Rev. Lett.
JETP Lett. 67, 113(1999. 88, 196404(2002.

7Y, Yaish, O. Prus, E. Buchstab, S. Shapira, G. Ben Yoseph, U?2K. Vakili, Y. P. Shkolnikov, E. Tutuc, E. P. De Poortere, and M.
Sivan, and A. Stern, Phys. Rev. Le84, 4954(2000); Y. Yaish, Shayegan, Phys. Rev. Let®2, 226401(2004).
O. Prus, E. Buchstab, G. Ben Yoseph, U. Sivan, I. Ussishkin2®M. J. Uren, R. A. Davies, M. Kaveh, and M. Pepper, J. Phys. C
and A. Stern, cond-mat/010946Qnpublishegl 14, L395(1981)).

183, J. Papadakis, E. P. De Poortere, H. C. Manoharan, J. B. Yad’C. Castellani, C. DiCastro, G. Kotliar, and P. A. Lee, Phys. Rev.
M. Shayegan, and S. A. Lyon, Phys. RevaB, 245312(2002. Lett. 56, 1179(1986.

235336-6



