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Relative importance of the electron interaction strength and disorder
in the two-dimensional metallic state
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The effect of substrate bias and surface gate voltage on the low-temperature resistivity of a Si-MOSFET is
studied for electron concentrations where the resistivity increases with increasing temperature. This technique
offers two degrees of freedom for controlling the electron concentration and the device mobility, thereby
providing a means to evaluate the relative importance of electron-electron interactions and disorder in this
so-called “metallic” regime. For temperatures well below the Fermi temperature, the data obey a scaling law
where the disorder parametée:(), and not the concentratidiand thusry), appears explicitly. This suggests
that interactions, although present, do not alter the Fermi-liquid properties of the system fundamentally. Fur-
thermore, this experimental observation is reproduced in results of calculations based on temperature-
dependent screening, in the context of Drude-Boltzmann theory.
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The term “metallic behavior,” for a two-dimensioné2D) In motivating our work, we note that as(r;) decreases
system with concentration greater than some critical value (increase it is not only the electron-electron interaction
ne, has come to designate a drop in the resistigitys the  that is increasing in the 2D system, but also the effective
temperaturd is decreased, as opposed to “insulating behavyisorder felt by the carriers. This is because the dominant
ior” (for n<n) for which p increases exponentially with isorder in semiconductor 2D systems arises from Coulomb
decreasing temperature. This differs from the purist's def'n"scattering by charged impurities, which increases monotoni-

tion (.)f. a metal, Wh_ereby the resistivity is finite Tﬁ_t=0, a cally with decreasing density as the 2D carrier system be-
condition never achieved experimentally. In experiments per- L2 . ; )

. i ; comes less effective in screening the Coulomb interaction
formed in systems with low disorder and small valuespof

(see Ref. 1, and references theyeie change inp in the between the carriers and the charged i_mpuriti'es. Since, in the
“metallic” regime is considerably greater than was seen inabsence of umklapp prqcess(e@t appllcgble in these sys-
earlier work at higher densities and in more disordered€M9: electron-electron interactions typically do not affect
system& There is still no consensus on the origin of this ONMIC transport, there 1S good reason to believe that much of
change. The low values of, (<r; 2, wherer s the ratio of the obsgrved metall_|c pehawo_r may be arising from the
the Coulomb interaction to Fermi enejggcaling behavior weakening of screening in the disorder potential, rather than
of transport properties around, and the absence of diver- 1OM the increasing electron-electron interaction. By care-
gence ofp(T), seen by some authors @s-0, (see, e.g., fullylstud.ymg temperature—dep(_andent 2D transport in hlgh
Refs. 3—7 have led to suggestions that the system is a mequality Si-MOSFET’s, where disorder strength and carrier
tallic quantum ground statén the sense that the charge car- density are controlled independently using a substrate bias,
riers are delocalized af=0). The suggestion is that this We hope to shed light on this question of the relative impor-
novel phase results from strong electronic correlations, antince of electron-electron interactions and the disorder po-
thatn, marks a quantum critical point and a metal-insulatortential in low density “metallic” transport.

transition (MIT). This contradicts the well-established prin- A negative substrate bias/{,) steepens the triangular
ciple that a 2D system of noninteracting carriers is insulatingonfining potential normal to the surface, pushing the elec-
at T=02 but there is no definitive corresponding prediction tron wave function closer to the Si-SiGnterface. This can
when interactions are present. Other authors, however, olgither increase or decrease the mobflityrhe surface-gate
serve a negative magnetoresistance at low magnetic fields voltage is used to tune. Without assuming either a specific
and weak-localization corrections to the resistivity, which aremechanism for the increase im with temperature or the
indicative of “weak localization.®~*2 Many hypotheses existence of a quantum phase transitiom@atthis technique
have been put forward to explain the metallic behavior, som@robes the density-mobility phase space in a way that is im-
invoking exotic interaction effectd'°and others advocating possible with singly gated devices, and it allows a study of
a more traditional framework, suggesting that the “metallic’ the metal in terms of s and the disorder parametél,
behavior is only a finite-temperature effect that is over-wherekg is the Fermi wave vector andis the momentum
whelmed by localization at  sufficiently low relaxation length. The value &kl can be calculated directly
temperature$®~2°To a large extent, the debate hinges on thefrom the relationp=(h/2e?)/(kgl), while n is measured

question of whether the relatively large valuesrgf(typi-  from the Hall effect at magnetic field3<0.5 T.
cally >10), corresponding ta., warrant fundamentally Measurements were performed onratype Si-MOSFET
new physics. inversion layer with a 200-nm-thick oxide layer with a peak
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FIG. 1. Threshold voltage and peak mobility versus applied sub-
strate bias fom=1.4 K.

mobility (atT=1.4 K and withV,,=0) of 1.9 nfV st
corresponding tam=4x 10" m~2 on 100 Q cm substrate. N _
The mobilityat the MIT, for V=0, was 0.24 AV -is FIG. 3. p(T) over a range of densities for three substrate biases
approximately twice the corresponding values in Refs. 3,22;20. -40, and -60 Msolid curves. Dotted curves showp(T) for

Devices were Hall bars of dimension 100000 xm?. A Vsaur=0. Ranges of densities are indicated by bold numbers
“He cryostat was used, covering a range 1.4 K=70 K. (X 10 m™2) for V4;<0. Numbers in parentheses give the density

L . range of theV,=0 curves. The critical concentratiam, ranges
Resistivities were measured using a standard a.c. fouk "5 g9, 105 m-2 (for Vy=0) to 141X 10 m2 (for Vo

terminal technique, with a constant source-dram current ot _ g V). Fermi temperatur@, [K]=7.25 n[105 m2].
100 nA ., s.and afrequency of 19 Hz, after ensuring that the

magnitude of the current did not induce significant electro hase decoherence timg, obtained by fitting the negative
heating above the substrate temperature and that the conta Sclgnetoresistance is prc;portionaﬂ"tél in agreement with

were Ohnglc;. A Sl;bStrate Ib'assub\?’as apcpj)l!ed a:] room tem- e liquid theory® and with other experimental studi&s.
peraiure before the sample was lowered Into the cryostat anlg[ sufficiently low temperatures, it is likely that this local-

cooled slowly. . L ization will dominate.

. One consequence of tr(emeganv_e) substrate_ bias Is 10 The solid curves in Fig. 3 show(T) for different values

increase the threshold voltage, which results in the increasg; |, . and for a range of densities spanning the “metal-
su

Of _the confining glectnc field, for a given. The peak mo- .insulator” transition. They are superposed on dotted curves,
bility (to be considered here as a rough measure of the d'%\'/hich correspond 10/~ 0. We point out that the 230%

ordey decreases ag,pis made more negative, as shown in change in resistivity in the lower curves of Fig. 3 is similar to

Fig. 1, consistent with the enhancement of scattering fro he changes seen in other wdikg., Ref. 22 over the same

'”‘erf?‘ce. roughness and the charged |mpqr|t|es_located _ne?‘énges of resistivity and temperature. In each figure, the tran-
the SiQ interface. The enhancement of spin-orbit scatteringiy oo from strong localizationdp/dT<0) to metallic be-

is another possible consequence. Negative magnetoresista ior occurs at roughly the same value of the resistitaty
is observed in a weak magnetic field perpendicular to thel.-< ), p.~h/e?, wheream, varies from 0.9 105 m~2 (at
system, in agreement with the prediction for the quenchinq/F ’:%C) 0 1 3J>< 1085 m°_2 (at Vo —éO V). This criti-
of weak localization, but no sign of theositivemagnetore- caslrbresistivity corresponds fa| :Sug " avalue below which

sistance associated with spin-orbit scattering is $&émdi- : . , .
cating that this is not a strong effect. No Iow-temperaturethe Fermi wavelength is poorly defined. It is worth empha

.2 . . g izing that it iskgl and notr g which is the critical parameter.
resistivity upturn was observed, discarding the possibility o o AN
: . For densities greater than those shown in Fidi.&, n>2
interferences due to local magnetic momets. 5 9 . ; ) .
. . 10 m~2), p(T) is nonmonotonic, bending downwards in
The negative magnetoresistance demonstrates that wea

localization, which results from quantum interference, islizrmfgéﬁorglr(aet&fh:?glzg Issh(;rxsregsiz 2?ysoarlgr;,tic§:'l?as
present in the “metallic” phase. Figure 2 shows that the P ' 9

approaches zero, possibly due to collision broadening or the
finite Dingle temperature. The intermediate temperature
range shows an approximately linear dependence. The gradi-
ents of the curves withV/q ;<0 differ from those of the
Vsui=0 reference curves, showing that the substrate bias
does not simply amount to a relabeling of th€T) curves.

With the hope of finding some underlying universality, we
follow the work of Hamiltonet al. on GaAs hole$® and
consider theoretical studies which take into account the
strong temperature dependence of disorder screening. In the
Boltzmann transport theory, within the static RPA, screening
of the Coulomb disorder potential arising from the charged

FIG. 2. Phase decoherence time ver$us for concentrations impurity scattering, p(T) at low temperatures is given
1.56, 3.48, and 4.4210'5 m~2 atV,=0. by'81926.27the analytic expression
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FIG. 4. (a) Experimentalp(T/Tg) for a range of densities at a
constant substrate bigg,;=0. T ranges from 11.3 to 38.0 K. The
effective values ofl /T displayed include the correction for colli-
sional broadenin§isee Eq(3)]. (b) The same data with the vertical
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FIG. 5. (a), (c) p(T/Tg) for fixed densities 2.3810" m™2
(Te=16.7 K) and 4.4% 10" m~2 (Tz=32.3 K) for substrate bi-
ases 020, —40, and—60 V. (b) and(d) show the same data after

axis scaled by a factqs, determined empirically for each curve.  scaling bypo(Vsup -

tion of all of the curves onto the bottothigh-density curve
[Fig. 4(b)], at least for a range of well away from Tg.
Indeed, this scaling factor must equal the ratiosboth the
gradients of the lines and their intercepts

p(T;n)=p(T=0;n)[1+C(N)T/Te], @

whereC(n) is a weakly varying function oh that also de-
pends on the dominant scattering mechanism. Equétiois
valid in the rangel/Te<1<T/Ty, whereTp is the effec-
tive Dingle temperature. In a recent diagrammatic perturba-
tion calculation, it has been suggestethat the linear tem-
perature dependence in Ed) is preservedin the ballistic
regime, i.e., fori/7<kgT<kgTg) even in the presence of
higher-order electron-electron interaction terrfes least
within a systematia g expansion for a zero-range impurity
scattering potential, which was the only case considered i
Ref. 28. The coefficientC(n) of the linear temperature co-
efficient in this theor$? is, however, renormalized by Fermi-
liquid interaction effects, which are unknown at the large

values used in the experiment. In particul@(n) in this The value of the coefficienA was set to 1.0, but the
theory is apparently renormaliz€dby the factor —[1  overall quality of the fit was not sensitive to its exact value.
+3Fg/(1+Fg)], where Fg is the triplet channel Fermi- The correction term kEl represents the broadening of the
liquid renormalization parameter which, in general, is a func+ermi circle due to the finite scattering lengttollisional
tion of density, temperature, and momentum, but taken to beroadening® Alternatively, it may be viewed as a lowering
a constant factor in the theory. It is noteworthy that, in thisof the effective densityor T¢) resulting from carrier freeze-
interaction theory, the renormalize@(n) could become out, a possibility envisaged by some authtrgvith this cor-
negative at small values of(i.e., high densitieswhereF§  rection, Eq.(2) is obeyed down tai=1.56x 10> m~2 (for
exceeds-0.25. Such a situation, with(T) decreasing with which p=8 kQ/J at T=1.4 K), i.e., considerably closer
increasingT in the low-temperature ballistic regime, has to the MIT. At even lower values ai, the correction term is
never been observed experimentally to the best of our knowlmuch more significant compared witti T, so that this first
edge. We note also that the interaction theory is only valid irorder correction is no longer sufficient. Our focus, however,
the T<Tg regime, and therefore cannot provide an explanais on themetallic regime, and not on the localizing effects
tion for the nonmonotonicity manifestly obvious in the datarelevant close to the MIT. For the higher-density data (
for p(T) at high temperature@ig. 3). =3x% 10" m~2), the broadening correction to the tempera-
Figure 4 showsp(T) for a range ofn in the metallic  ture requires small modifications to the empiriggl values
regime withVg,,= 0. Following Eq.(1), the temperature was in order to achieve a satisfactory collapse, but the quality of
normalized toT/Tg, whereTg is the Fermi temperature cal- the collapse is not significantly altered.
culated for each curve individually. The Dingle temperature Figure 5 shows the same procedure, applied to a set of
was estimated fronTp=7%/27kg 7y, Wherer, is the quan-  curves corresponding to different values\af,, but with the
tum lifetime, measured from the amplitude of Shubnikov—desame density2.30 and 4.4% 10'° m™?). Again, Eq.(2) is
Haas oscillationd® For a range of concentrations=4.6  obeyed, but withoo=po(Vsun). The similarity in the forms
—5.4x10"% m 2 (Tp~35 K), we obtainTp~1.1 K, i.e., of Egs.(1) and(2) is notable, but the scaling factoys, of
below the experimental temperaturegT/Tg) is generally Eg.(2) may be equated with the(T=0) of Eq.(1) only in
linear with a gradient that increases with decreasin@r  so far as(a) p(T;n) remains linear outside the strict range
Tg), in agreement with Eq.l). It is remarkable that another T<Tg, (b) the saturation observed at low temperatures may
scaling factorp,, applied to thevertical axis and determined be discarded as due to the finifg,, and(c) C is a suffi-
by eye for each curve, succeeds in collapsing the linear poriently weak function oh.

p(T;n)/ po(n)=1(T/Tg), T/Te<0.5. 2
This simple transformation holds well for>3x10'® m~?2
(where p<1.4 KQ)/OO at T=1.4 K) but fails at densities
closer to the MIT. However, a much better scaling is recov-

ﬁred by including a correction

(T/TF)effective:[(T/TF)2+A/(kFI)2]1/2- 3
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theoretical curves as was done with the experimental data
relies on the correct combination Ny andTp . We empha-

size, however, that the theoretical results presented here are
not intended to give a fully quantitative description of the
experimental results. Rather, we demonstrate that, to a very
large extent, temperature-dependent screening can account
for the main features g#(T) in the so-called metallic regime

L in the absence of a magnetic field. The absence, af Eq.

0.5 1 (4) argues against a novel strongly correlated ground state in
(T/TF)eftective the metallic regime and suggests that the system retains its
Fermi-liquid character.

FIG. 6. (8 Numerical calculation of p(T/T¢) due to Before concluding, we point out that the direct unbiased
temperature-dependent screening, for constan2.3x 10" m™2 ., cjusion following our experimental data is that disorder
(as characterized by the dimensionless paranigier is at
least as important a parameter as interactian, r¢) in de-
termining the temperature dependence©F) for T/Tg<1.

. v C~8 is ob q iderabl This conclusion confirms, generalizes, and extends-&
Experimentally, C~8 is observed, considerably greate'r MOSFET's a similar conclusion reached earlier in Ref. 25

than the \(alues 2.0-3.0 prgdicted _by the simple SCreeNINGL b holes inp-GaAs systems. We believe that this con-
theory. It is, however, consistent with the arbitrary choice. sion is consistent with the Fermi-liquid theory-based in-

Fo~—3 in the interaction calculatiorThe importance of o oretation of the 2D finite-temperature “metallic” state, as
F7 has been highlighted elsewhere feGaAs’™ although discussed, for example, in Refs. 18,19,28. It 0, this
those data were fitted with a lower valuefff~ —0.4) Note  “metal” should, in principle, become an insulator, in keeping
that, in generalFg is strongly density dependent. If we as- with Ref. 8. We have carried out an explicit numerical cal-
sume thaf§ is independent of and, therefore, ofs, then  culation within the screening thedfy**2¢?"to obtain quali-
scaling follows. The scaling thus suggests that the valye of tative agreement between theory and experiment, but the
(or kgl) at finite T is determined solely by its value atloly ~ same is also true at a qualitative level for the interaction

NREAANKRD

0) o] (kQD-l

- N

p/p(T

Tp/Te=0,0.06,0.12,0.18, and 0.24 respectivéb). The same data,
with p scaled byp(T=0).

with the concentration appearing only implicitly ifg. theory (in its regime of validity of Ref. 28, provided{ is
Combining Eq.(2) with the identity p=(h/2e?)/(kgl) we reasonably independent of. The issue of a quantitatively
obtain reliable theory forp(T) at largerg remains open at the
present time, and is probably a formidable theoretical chal-
kel (T=0)  f(T/Tp) lenge because of nonperturbative effects arising from both

(4) disorder and interaction, neither of which is small in this
problem. We emphasize in this context that the screening
theory and the interaction theory are complementary theo-

This conclusion, drawn from the observed scaling laws, folries, as discussed in Ref. 28. In particular, the screening

lows from theory[Eq. (1)] regardless whether interaction theory uses a realistic impurity potential by regularizing the

effects are considered or simple screening theory is used. Coulomb disorder potential due to charged impurity scatter-
Figure 6 shows the results of a numerical calculation ofing by phenomenologically screening the long-range bare
the temperature-dependent screening for experimental condmpurity potential, whereas the interaction theory includes
tions analogous to those in Figsiah 5(b). It includes the higher-order interaction corrections through a systenmatic
temperature dependence of static RPA screening at finitexpansion, using an unrealistic zero-range impurity potential.
temperature, the finite extent of the wave function in theBoth theories are, in fact, uncontrolled theories at large
direction normal to the interfacgusing a Fang-Howard where no systematic perturbative analysis applies in prin-
distribution®) and a variable effective disorder, param- ciple, but our data show that these theories catch the essential

kel(T)  f(0)

etrized by the collision-induced Dingle temperatufg . gualitative features of the temperature dependence(®j
(HereTp measures the strength of impurity scattering and isyery well, even for rather large values of.
by definition, temperature independgnCarrier freeze-out In summary we have demonstrated that a simple empirical

was not assumed. The penetration depth of the wave functioscaling law, where the concentratiéand therefore ;) does
below the interface is determined by the depletion concennot appear explicitly, is applicable on the metallic side of the
tration Np , which increases a¥,,is made more negative. MIT when either the concentration or the mobility is varied.
The range ofNp indicated in Fig. 6 is consistent with the A similar effect has been observed in GaAs
range of Vg, (0 to —60 V) used in the experiment. By heterostructure®. The quality of the scaling is improved,
setting suitable values dfp , the calculation reproduces the and is obeyed down to lower concentrations, by taking into
features of the experimental with reasonable accuréty: account collision-broadening effects which enhance the ef-
p(T) increases in a metallic fashion, with a weaker temperafective temperature. The magnitude rQfis irrelevant, sug-
ture dependence appearita low T) asT/Tp decreases and gesting that the effect of the interactions is to modify the
(at highT) asT/Tr increases(2) The scaling law, Eq(2), is  effective disorder, expressed &gl, by screening. We ob-
obeyed[with py=po(Np)], although the ability to scale the serve a striking similarity with the prediction of Drude-
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Boltzmann transport theory in the presence of temperaturezan be understood in terms of screening and disorder, with-
dependent screening. Although quantitative agreemendut the need to resort to fundamentally new physics originat-
between this theory and our experimental results is only aping from electron-electron interactions.

proximate, possibly because it neglects the interaction ef-

fects, it is clear that many features of the “metallic” behavior ~ This work was funded by the UK EPSRC.
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