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We have measured the resistivjiyof a dilute two-dimensional electron gas near the (111) silicon surface
as a function of a temperature. Since the valley degeneracy in such strugfuses, the dimensionless radius
rs approaches 50 at electron densities significantly larger than in previously studied (100)Si or
p-AlGaAs/GaAs systems. We have observed a nonmonotonical behavjdiTdf the resistivity slowly de-
creasing with the temperature decreasing for temperatures dboete K and increasing at lower temperatures
for electron densities corresponding ge-h/e?, when the metal-insulator transition is expected. Such non-
monotonic behavior can be tentatively described by corrections to the conductivity due to electron-electron
interaction with negative Fermi-liquid constaf~ —0.25.
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The nature of the ground state of a strongly correlated anthe regime of a moderately large within the assumption of
disordered electron system continues to be an object of athe Fermi-liquid theory and thus explain thelependence of
tive study and speculation. Recently this interest has beea system with strong electron-electron interacfi¢finally, it
further heightened by the observation of an anomalous tenis believed that the ground state of a two-dimensidaal)
perature dependence of the conductivity in high mobilityelectron in the clean limit is a Wigner cryst&VC), which
(100)Si  metal-oxide-semiconductor field-effect transistorspccurs atr,=37+5."% In this case disorder may pin the
(MOSFET's.* In this system the conductivity grows by sev- wigner crystal, and system is insulating T 0. Motivated
eral times with the temperature decreasing under the condpy this controversy, we have studied a 2D system with a
tion of Eg>kT and a practically total absence of the phononjarge dimensionless parameterand a strong disorder—the
scattering. However, the conductivity is expected to decreasgyo-dimensional electron g¢8DEG) in Si MOSFET’S near
with the temperature decreasing, becoming zerd=a0, in  the (111) Si surface. Since in a highly disordered system the
accordance with the prediction for systems with noninteractCoulomb interaction and localization are equally important,
ing particles> The anomalous behavior of the conductivity it js expected that the results of this study can give an addi-

observed in Ref. 1 is accompanied by a large value of thgional experimental support for either of the theoretical mod-
dimensionless radiuss which is equal to the ratio of the g|s mentioned above.

Coulomb and the Fermi energies. The interaction strength parameter r, can be written in the form ry

can be characterized by the Fermi-liquid constefit Large  =16,69,(m/0.38m,)(10'Yng) Y2 Therefore for a 2D gas
interaction may drive the system close to the Fermi-liquidnear the(111) Si surface, wherg,=6 andm=0.38m,, we
instabilities  (superconductivity, superfluidity, ferromag- obtainr,=99,6(13%n.)2 It has to be noted, however, that
netism, etg. For example, ifFg~—1, the spin-exchange the problem of the valley degeneracy of 2DEG near(fHd)
interaction leads to the ferromagnetic Stoner instability. Ex-Si surface is not yet resolved completely. The measurements
plicit expression of the parameté&i] in terms ofrg is not  of the Shubnikov—de HaaSdH) oscillations indicatedy,
possible. However, the Fermi-liquid constant can be derived=2 instead of 6, as is expected from the effective-mass ap-
from the comparison of some effective renormalized paramproximation. It was assumed that the possible reason of such
eters (Pauli spin susceptibilily with phenomenological discrepancy may be the interaction effects in a multivalley
theory. Therefore the anomalous temperature dependence 2D electron system in a strong magnetic fielMore re-

the conductivity observed in Si MOSFE¥Tsind in various cently the valley degeneracy in the absence of magnetic field
low-density two-dimensional systemidias been tentatively has been determined from the thermopower measurerifents.
ascribed to the precursor of the Fermi-liquid instabfliyAn ~ These measurements confirmed thpat 6 atB=0 in accor-
alternative viewpoint is that the corrections to the conductiv-dance with the effective-mass approximation, therefore the
ity due to the electron-electron interaction can be extended tobservation of the valley degeneragy=2 from the SdH
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FIG. 2. Resistivityp versus the temperature at different values
of Ng. Ng(10** cm™?): squares, 6.44; full squares, 5.68; circles,
5.3; full circles, 4.92; up triangles, 4.54; full up triangles, 4.16;
down triangles, 3.78; full down triangles, 3.55; diamonds, 3.4.
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FIG. 1. Resistivity p versus electron densitNg in high-
temperature region 1.4-5 K for sample MO$8:the same depen-
dence in low-temperature region 60 mK—1.1(kK) we may see the

breakdown of the critical point @< 4 101 cm-2 range 1.1-4 K. Figure (&) unambiguously demonstrates a
R :

crossover point, when the sign dfp/dT changes aiNg,
=3.8x 10" cm 2 andp.=1.5h/e?. Naively, if one were to
oscillations should be addressed to the problem of the trangimit oneself only to the data af>1.5 K, one might have
port in multivalley systems subject to a strong magneticconcluded that a metal-insulator transition occurs Nat
field. We will focus mostly on the results in zero magnetic =N, which is very similar to that reported in different
field, therefore further we accept the valuegyt=6. two-dimensional systenfsHowever, to make a definite con-

In this paper we report the results of the measurements aflusion we should extend our measurements to a lower tem-
the resistivity of 2DEG in Si MOSFET's fabricated on (111) perature. Figure (b) shows the same dependengg(T) for
silicon surface in the temperature range 4 K—60 mK. Thethe temperature range 60 mK—1.1 K. One can see that for all
resistivity in this system was found to show an insulatingelectron densitiedl, the resistivity increases when the tem-
behavior at temperatures below 1 K. However, at higher temperature decreases. One does not find any change of sign of
peratures we observed that the resistivity increases with thgp/dT in this temperature range. Therefore the crossover
temperature decreasing. Such experimental behavior is copoint shown in Fig. 1a) only mimics the metal-insulator
sistent with the recent calculations of the conductivity cor-transition, and the temperature dependence of the resistivity
rections in a disordered system with Coulomb interactionp(T) should demonstrate nonmonotonic behavior. Figure 2
which can be characterized by the negative Fermi-liquid conshows the dependengéT) for a wide range of density. One
stantF§.° can see that for the electron dendity>3.7x10'* cm™2 the

The samples used in our experiments were silicon MOStkesistivity decreases with the temperature decreasing for tem-
FET fabricated on #111) surface by means of conventional peratures abov&~1-2 K and increases at lower tempera-
silicon technology. They have a Hall bar geometry with thetures.
width 400 xm and the same distance between the potentio- Now let us compare the experimental data with the theo-
metric contacts. The resistance has been measured in thetical models. It is worth noting that the nonmonotonic be-
temperature range from 60 mk ¥4 K by afour terminal  havior of p(T) has been observed in a two-dimensional hole
configuration with the frequencly=10.4 Hz and the current gas in AlGaAs/GaAs heterostructures with an extremely high
I~1 nA. We have investigated five MOSFET’s with the mobility and a large ;.'! However, this nonmonotonicity in
maximum mobility aboutu=1500-2000 c#Vs at T  p(T) is different from what we find in our results: in addition
=4.2 K. The mobility of the electrons near ti&ll) Si  to the minimum aff~1-2 K the resistivity of the 2D holes
surface is usually smaller than {1000 Si MOSFET’s. The exhibits local maximum aff~0.4 K. This striking non-
main reason is the significantly larger number of the chargeehonotonicity inp(T) has been explained by the competition
states on the (111)Si-SjOinterface in comparison with between the different scattering mechanism in the 2D hole
(100)Si-SiQ. The mobility at low densities is determined by gas!? It has been shown that the increasep¢T) with T at
the charged centers at Si-SiQVe emphasize that the results low temperature is due to the screening effects, after which
of the measurements were very similar for all samples studthe system crosses over from a degenerate quantum to a non-
ied. Figure 1a) shows the electron density dependence of thalegenerate classical regime, and therefof€) ~T ! at T
resistivity p for one of the sample MOS3 in the temperature>T.~0.4 K. Finally atT>1-2 K phonon scattering gives
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rise to a monotonical increase of the resistivity withOur
system is very different from the 2D hole gas. First, the
mobility in our samples is very low, therefore we can neglect
the phonon scattering mechanism. Second, the Fermi tem-
perature in our system correspondsTio=1.2(NJ/10') K.
Thus the Fermi temperature in Fig. 2 varies from 4.6 K
(Ng=3.5x10'" cm™?) to 8.7 K (Ny=6.4x10" cm?),

and quantum-classical crossover effects are not important in
our samples aT <4 K. Finally, it is worth noting that the
temperature averaging in the classical regime leads to a re-
sistivity decreasing with temperature Bt Tg, which dis-
agrees with our results shown in Fig. 2.

The mechanism which can in principle lead to the resis-
tivity increasing with temperature is the temperature-
dependent screening efféétRecently the scattering pro-
cesses contributing to the temperature dependence of the
resistivity have been reexamirfedecause of the inconsis- T(K)
tency in the calculations in the diffusive regime, when
T7/h<1 (7 is elastic scattering timgand the ballistic re- FIG. 3. Conductivity correctiond o versus the temperature for
gime, when Tr/A>1. It has been recognized that the different values oN. Ng(10'* cm™2): circles, 4.94; squares, 5.68;
Altshuler-Aronov corrections to the conductivity at low tem- triangles, 6.44. Solid line: Eq$1)—(4). Open cicrles show conduc-
peratures T{r/A<1)} and corrections due to screening tivity corrections for the densitis=3.55< 10" cm ?<Nj.
effects’® are the result of the same physical process—
coherent scattering by Friedel oscillatighghe corrections 6 of the same worR.As has been demonstrated from the
to the conductivity corresponding to this process have beefeasurements of the negative magnetoresistance in the
calculated for a wide temperature range and an arbitrarjveak-localization regim& prefactorag, is a constant of
value of T+/%4 and fOI’E;:T/ﬁ»l. The total correction to the order 1 due to the fast intervalley Scattering. As it was also

conductivity is the sum of the charge channel, the tripletPointed out in Ref. 6, the corrections given by Eg). dem-
channel, and the single-particle localization corrections: ~ Onstrate nonmonotonic behavior for the negative values of

the Fermi-liquid constanfg in the range—0.25<Fg<
Ao=doc+ o+ S0 - oy —0.5. Such behavior leads to a minimum in the resistivity at
Tr/h~0.4—1 for F{=—0.3. In Fig. 2 we may see that the
transition in the resistivity behavior from the anomalous non-
To) monotonic to insulating occurs at electron densities corre-

Ac(e’/h)

The localization corrections can be written as
ag,pe’
2m2h

wherep depends on the inelastic scattering process, whic
controls the dephasing scattering time,~T P. For

0T |9c=— In KT (2)  sponding top~h/e?. In the transition point one should have
Er7/i~0.5 orkgl~1. Since the Fermi energy varies from
19-35 to 0.62 meV for the density range shown in Fig. 2, it is

reasonable to assume thatr=0.4—0.5 meV. It is worth
electron-electron scattering in the presence of disorder it ha@enno?lng that for the electron densities corresponding to
been shown thap=124 The prefactora depends on the P<h/€” we also havecg7/f=1, and the approximation of
ratio of intravalley and intervalley scattering rates and shouldX€- 6 is still valid. Figure 3 shows the fit obtained from Egs.
lie between 1g, and 1, for fast and slow intervalley scatter- (1)—(4) 10  the —experimental results forNs=4.92

ing consequently. The charge channel correctifin: is x10' cm™? assuming-g=—0.25 and/7~0.46 meV. A
given by good agreement with the expressiofi3—(4) is achieved.

Comparison of resistivity for different electron densities also

ag,e? Tr 3 /Tr ag,e? [Eg produced a quantitative agreement between theory and ex-
Soc= P 1—51‘ il >—In pedl (3 periment.
& 2mh Naively, for multivalley systems one would expect that
and So; can be written &5 the transitiozn from weak to strong localization should gceur
at p~h/g,e” andkgl~g,, which corresponds tp~h/6e

ag,e? Tr 3F§ 3 (Tr in our system. This is also consistent with the fact that if we
50T:—h T gt 7,Fg calculate the level broadening from the mobility, we obtain

& 1+Fg the value ofi/~ which is six to ten times larger than esti-

2 mated from the conditiofeg7/2~0.5. It strongly disagrees
ag,e | (E) 4) with our observation of the resistivity increasing for
w2 \KT) 0.2h/e?<p<hle? (Fig. 2 at T>1 K. For large values of
hl 7>Eg the resistivity should demonstrate only insulating
The functionsf(T7/4) andt(T7/%,Fg) are given by di- behavior. A fast multivalley scattering can explain such dis-
mensionless integrals in Ref. 6 and also shown in Fig. 5 andrepancy. Since the intervalley scattering involves a transfer

1
~3[ 1- —In(1+F¢
Fg

161304-3



RAPID COMMUNICATIONS

Z. D. KVON, O. ESTIBALS, G. M. GUSEV, AND J. C. PORTAL PHYSICAL REVIEW B5 161304R)

of a large momentum &/ wherea is the lattice constant of and therefore the conductivity is described by the Altshuler-
Si, the interface roughness can be responsible for sucfifonov corrections in the diffusive regimeT¢/fi<1),
scattering® in contrast to the transport scattering time which leads to the logarithmic increase of the resistivity with
which is due to the charged interface states. Intervalley scafhe temperature decreasing. Figure 3 shows conductivity cor-

P ; : tions for the densiti]Ng<N.. However, it is pertinent to
tering is mostly elastic process, therefore it does not depen@C . oS vser TR T S
on e temperatre. However:  may depend on e elecioe 1% I Sy e feskie e nd e e,
density. Since at low density the average distance of the ele.é'esistivity behavior for lower electron density is consistent

trons from the interface Increases, mterval'ley scattering | ith insulating behavior because of the single-particle strong
suppressed. Unfortunately there is no available data abo calization

direct measurement of intervalley scattering near(i1é) Si It has been found from a Monte Carlo simulation that at
surface. However, some information can be obtained from density for clean systems ag=37+5 the ground state
the measurements of the negative magnetoresistance at Ioa/]va 2DEG is a Wigner crystdlAn obs_ervation of 2 WC in
magf‘e“.c field. As we already mentioneq gbove, the weal a high mobility 2D hole gas had been claimed in Ref. 8. It
Iocallzatlo_n correc_t_lons shoulld be muIt|pI.|eq by prefaCtorappears to be difficult to distinguish between a WC and a
ag, . In high ”.‘Ob"'ty (100 Si MO.SFETS It I'.es between .. single-particle localization from the temperature dependence
Lo 0 L0 i o lendeney 10 nease WA 1 eI e esistviy, because n both case(T) grows wi

. ' ! . the't t ing. | 7 atN =7

is found to be close to 1 and does not vary with density e temperature decreasing. In our samples37 atNs

. . . < 10 e¢m~?, and therefore one might consider explainin
which corresponds to the fast intervalley scattefiht.also '9 I xpraining

. . .. ~the resistivity growth at low density by the WC pinning.
supports the assumption that the quality of the (111)SbS'OThere is no >é:ognsensus whether theydizorder shoupld degtroy
interface is generally worse than at (100)Si-gi@terface.

o ) . the WC or stabilize the WC phase. In our system the ratio
Therefore the weak-localization corrections in the systemy ..o the Coulomb energy and the elastic broadening is
with strong intervalley mixing are identical to the correctionsaround 10, and therefore it is expected that the disorder is

in a single valley system. Base.d on these qrguments, WEmall in comparison with the electron-electron interaction
assume the presence of fast f_“_““Va"eV scgttermg IN OUr SYSind may enhance Wigner crystallizatibhin this paper we
tem, and just below the transition fpr<h/e” we haveh/r  tc g mostly on the nonmonotonic behavior of the resistivity

<E. . .. and do not address the properties in the insulating phase.
As we have already mentioned above, the Fermi-liquid " conciusion, we have observed nonmonotonicity in

constant cannot be Calcul_at.ed from the first principles. HOW}o(T) of the 2DEG with large dimensionless parameter
ever, for large value of it is expected that the ferromag-

i L i ~50. We attribute such behavior to the temperature-
netic state, which is characterized BY=—1, may be @ yenendent corrections to the conductivity due to the electron-
ground slgate for a dilute 2DEG in the presence ofgjeciron interactions. From the comparison with théamg
d|sorder7.'_ Having no way to know which approximation is gerjved the Fermi-liquid constant, which is responsible for
more realistic, we, however, may assume that our system i syrength of the spin-exchange interaction. We foBfd
close to the ferromagnetic instability due to the large param-_ —0.25, which means that the system is not very far from
eterrg, and therefore the negative value Bf=—0.25 is the ferro’magnetic Stoner instability.
not very surprising. For lower concentration we observed
only a monotonic increase of the resistivity with the tempera- We thank E. R. Mucciolo for discussions. Support of this
ture decreasing. It could be explained by the mobility de-work by PICS, FAPESP, and CNR®razilian agenciesis
creasing. At low electron densifiyr/% becomes very small, acknowledged.
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