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Metal-Insulator Transition in Two Dimensions:
Effects of Disorder and Magnetic Field

Dragana Popovic´,1 A. B. Fowler,2 and S. Washburn3
1Department of Physics, City College of the City University of New York, New York, New York 10031
and National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32306

2IBM Research Division, T. J. Watson Research Center, Yorktown Heights, New York 10598
3Department of Physics and Astronomy, The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 2759

(Received 25 April 1997)

The behavior indicative of a metal-insulator transition in a two-dimensional electron system in silicon
has been studied. By applying substrate bias, we have reduced the disorder and increased the mobility
of our samples and observed the emergence of the metallic behavior when the mobility was high enough
in the regime of electron densities where Coulomb interaction energy is much larger than the Fermi
energy. In a perpendicular magnetic field, the magnetoconductance is positive in the vicinity of the
transition but negative elsewhere. Our experiment suggests that such behavior results from a decrease
of the spin-dependent part of the interaction in the vicinity of the transition. [S0031-9007(97)03791-5]

PACS numbers: 71.30.+h, 73.40.Qv
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Since the development of the scaling theory of
calization for noninteracting electrons [1], it has be
widely believed that there is no metal-insulator tran
tion (MIT) in two dimensions, in agreement with ear
experiments [2] on a two-dimensional electron sys
(2DES) in low-mobility (0.2 0.65 m2yV s) Si metal-
oxide-semiconductor field-effect transistors (MOSFET
However, recent experiments [3] on high-mobility (2
7 m2yV s) MOSFETs have provided clear evidence
the existence of a MIT in this 2D system, raising spe
lation that this transition is driven by electron-electr
interactions. In an entirely different experiment [4]
mesoscopic Si MOSFETs of comparable quality (p
mobility , 2 m2yV s), nonmonotonic behavior of sever
characteristic energy scales was found in the trans
region, in clear contradiction with general considerati
based on noninteracting models [1]. The apparent con
between these experiments and the scaling theor
localization has been resolved recently by formulatin
scaling theory for interacting electrons [5], which sho
that the existence of a 2D MIT does not contradict a
general scaling idea. However, it has not been shown
perimentally how the results of Ref. [3] can be reconci
with those obtained on low-mobility samples [2]. It
exactly this issue that our current work resolves.

We present the results obtained on a 2DES in
MOSFETs with a peak mobility of0.5 0.8 m2yV s at
4.2 K. The peak mobility is a rough measure of t
amount of disorder, determined primarily by the ox
charge scattering and scattering due to the roughne
the Si-SiO2 interface [6]. In these samples, all electron
states are localized, in agreement with early studies
By applying the substrate bias, however, we have b
able to decrease the disorder scattering and increas
mobility at all carrier densities, with the peak mobili
going up to ø1 m2yV s. At that point, the mobility
0031-9007y97y79(8)y1543(4)$10.00
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becomes sufficiently high at carrier densities low enou
to allow the Coulomb interaction energyU to be much
greater than the Fermi energyEF [3,5] (in our samples,
U ø 150 K ¿ EF ø 12 K), and we observe the metal
insulator transition. As shown below, the resulting scalin
behavior of the conductivity with temperatureT is in
excellent agreement with the results of Ref. [3]. I
addition, our magnetoconductance measurements in
weak perpendicular field show that the spin-depende
part of the electron-electron interaction decreases shar
at the transition.

Our measurements were carried out onn-channel MOS-
FETs fabricated on the (100) surface of Si doped
ø8.3 3 1014 acceptorsycm3 with 435 Å gate oxide thick-
ness and oxide chargeø3 3 1010 cm22. The samples
had a Corbino (circular) geometry with the channel leng
L  0.4 mm and widthW  8 mm. ConductanceG was
measured as a function of gate voltageVg (proportional
to carrier densityns) at temperatures1.2 , T , 4.2 K,
using a lock-in at a frequency of, 100 Hz and an excita-
tion voltage of 0.3 mV.

Figure 1(a) shows the conductivitys  GLyW for
one of the samples (sample 5) as a function ofns for
several temperatures and with no substrate biasVsub
applied. AsT is lowered,s decreases for both low and
high ns, indicating insulating behavior. The temperatur
dependence is weaker at intermediate values ofns.

Application of a substrate bias in Si MOSFETs at
givenns changes the electric field at the Si-SiO2 interface.
As a result, the average position of the 2D electrons w
respect to the interface is changed as well as the splitt
between the subbands [6]. (At low temperatures,
electrons populate only the lowest subband and, therefo
are confined to motion only in the plane parallel to th
Si-SiO2 interface.) The reverseVsub moves the electrons
closer to the interface. In some samples, especially tho
© 1997 The American Physical Society 1543



VOLUME 79, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 25 AUGUST 1997

h
y

e

s

n

ve
1),
y
t

o
at
e

in
to
he
e

on

al

he
al
ill

-
l

r

FIG. 1(color). Conductivitys of sample 5 as a function of
ns for T  4.2, 3.6, 3.2, 2.8, 2.5, 2.3, 2.08, 1.93, 1.79, 1.67
1.57, 1.26 K and (a)Vsub  0 V , (b) Vsub  28 V . In (a), s
decreases for allns as T is lowered. In (b),s increases as
T goes down for allns . nc. The inset shows the same data
aroundnc with s on a logarithmic scale.

with lightly doped substrates such as ours, where t
subband splitting is comparatively small, the mobilit
m  synse is enhanced [7]. This has been attribute
to the reduction of scattering of the 2DES by electron
that occupy very long band tails associated with upp
subbands and act as additional scattering centers. T
reverseVsub increases the subband splitting and make
this scattering mechanism less important. It may al
reduce the average effective mass since the upper subb
electrons are heavier. In addition, the reverseVsub
reduces the average spatial extentDz of the inversion
layer charge density in the direction perpendicular to th
interface (typically,Dz ø 20 30 Å [6]).

We find, for example, thatVsub  21 V leads to
a slight increase ofm and the merging of different
temperature curves over a wide range ofns, roughly
between 1.8 and2.4 3 1011 cm22. At the highestns,
the temperature dependence ofs still indicates insulating
behavior. The reason for the merging at intermedia
values of ns becomes clear upon the application of a
even higher (reverse)Vsub , as shown in Fig. 1(b) for
Vsub  28 V : the temperature dependent behavior ofs

is now reversedfor all ns above some critical electron
1544
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densitync [nc  s1.67 6 0.02d 3 1011 cm22 for sample
5], as expected for metallic behavior. Forns , nc, the
2DES exhibits insulating behavior as before. We ha
obtained similar results on another sample (sample
whereVsub  29 V was used to raise the peak mobilit
to 1 m2yV s and study the metal-insulator transition a
nc  s1.65 6 0.02d 3 1011 cm22.

The results displayed in Fig. 1(b) are very similar t
those reported in Ref. [3], where it was also found th
the resistivityr  1ys scales with temperature near th
transition according to

rsT , nsd  fsjdnjyT1yznd  rsTyT0d , (1)

with a single parameterT0 that is the same function
of dn ; sns 2 ncdync on both the metallic and the
insulating side of the transition,T0 ~ jdnjzn. Here z is
the dynamical exponent andn is the correlation length
exponent. The results of this scaling for the data
Fig. 1(b) are shown in Fig. 2. All the data collapse on
two branches: the upper one for the metallic side of t
transition and the lower one for the insulating side. Th
best collapse is found forzn  1.6 6 0.1, where quite a
wide range of electron densities (withjdnj up to 0.25) was
used. For sample 1, we find thatzn  1.5 6 0.1. These
results are in remarkable agreement with experiments
high-mobility MOSFETs [3]. We find that the critical
conductivity sc  0.5e2yh  e2y2h for sample 5 and
sc  0.65e2yh ø e2y1.5h for sample 1 consistent with
the reported [3] values and suggesting that the critic
conductivity in Si MOSFETs has a value arounde2y2h.

The scaling theory predicts [5] that, to leading order, t
temperature dependence of the conductivity in the critic
region associated with the metal-insulator transition w
be given by

ssdn, Td  sc expsAdnyT1yznd , (2)

whereA is an unknown constant. In other words, the tem
perature dependence ofs is predicted to be exponentia

FIG. 2(color). Scaling of conductivity with temperature fo
sample 5, using the data shown in Fig. 1(b) in thens and T
ranges given on the plot.
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on both insulating and metallic sides of the transition, a
with the same exponent. This symmetry is expected
hold only for T . T0sdnd, i.e., the quantum critical re-
gion is defined by the temperature scaleT0. The data pre-
sented in Fig. 2 are shown again in Fig. 3 as a function
jdnjyT1yzn, with zn  1.6. They are consistent with the
theory, and we observe the symmetry forjdnjyT1y1.6 of
up to 0.045. This value definesT0sjdnjd, and we find that
T0  143jdnj1.6. For the range of temperatures of up
3.6 K, for which scaling works; this means that the qua
tum critical region extends at most up tojdnj  0.1.

We have performed careful magnetoconductance m
surements in perpendicular magnetic fieldsB of up to 1 T.
Figure 4(a) shows magnetoconductance (MC), defin
as Dsyss0d  fssBd 2 ss0dgyss0d, for sample 1 with
Vsub  29 V, for several carrier densities in the crit
cal region. As the (zero-field) critical densitync is
approached from the metallic side, the positive MC d
velops gradually, reaches a maximum atB , 0.5 T when
ns  nc, and then disappears gradually on the insulat
side. Exactly the same behavior is found in high-mobil
mesoscopic Si MOSFETs [8] at much lower temperatur
down to 40 mK. At higherB, and for ns outside this
narrow critical region, MC is always negative. Th
dependence of MC onns is displayed clearly in Fig. 4(b)
for several magnetic fields. MC exhibits a pronounc
maximum atns  nc.

Obviously, there are positive and negative contributio
to the measured MC. It is well established that the po
tive MC can result from quantum interference effec
in both weakly [9] and strongly [10,11] disordered sy
tems. The spin-dependent part of the electron-elect
interaction [9] gives rise to negative MC, at least in t
weakly disordered regime. This has been well establis
in doped semiconductors [12], and large negative M
has been seen in high-mobility MOSFETs forB paral-

FIG. 3(color). Temperature dependence ofs for sample 5,
using the data shown in Fig. 2. Vertical and horizontal dash
lines are visual aids: The horizontal line shows the value
sc and the vertical line shows the upper limit of the range
jdnjyT 1y1.6 within which the symmetry is observed.
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lel to the current plane [13]. In all cases, one expe
jDsyss0dj ~ B2 in the low-field limits, becoming weaker
for B higher than some characteristic field. In case
weak localization, the characteristic field is reached wh
the Landau orbit size becomes comparable to the ther
length, i.e., when2eB0yh̄ , kTyh̄D, whereD is the dif-
fusion constant [9], so thatB0 , 0.3 T for our samples.
In our experiment, MC changes sign and becomes ne
tive at sufficiently highB for all ns in the critical region
(jdnj # 0.1). We, therefore, conclude that the positiv
contribution is no longer in the low-field limit, consisten
with the estimate ofB0 , 0.3 T. On the other hand, there
is a negative, predominantly quadraticB dependence at
the highest fields, indicating that the negative contributi
to the MC is still in the low-field regime. This is con
sistent with the estimated characteristic field for the M
due to spin splitting in an interacting electron gas, giv
by the condition that the Zeeman energy is comparable
the thermal energy, i.e.,gmBB , kT [9], and, forg , 2
[14], gmBB , 1.4 K at B  1 T.

In order to understand the puzzlingns dependence of
MC [Fig. 4(b)], it is desirable to disentangle the tw
contributions. Obviously, the MC in our samples can
described by

Dsyss0d  afsBd 2 bB2, (3)

FIG. 4. Magnetoconductance for sample 1 withVsub  29 V
and nc  1.65 3 1011 cm22. (a) The carrier densities corre
sponding to different curves are shown on the plot in units
1011 cm22. (b) The magnetic fields corresponding to differe
symbols are shown on the plot in units of tesla. Dashed lin
are guides to the eye.
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FIG. 5. (a) The positive contribution [afsBd] to magnetocon-
ductance for all1.40 # nss1011 cm22d # 1.80. (b) Magneto-
conductance vsns for B  1 T. Open symbols represent the
positive contribution and solid symbols represent the negat
one. Dashed lines are guides to the eye.

with a, b . 0. We find that, for B . 0.3 T, fDsy
ss0dgyB2 has the same form, up to a constant (b), for
all ns. Figure 5(a) shows that differentafsBd curves
are indeed indistinguishable to within the scatter of da
and, therefore, independent ofns. In this way, we have
been able to determine the change inb as ns is varied,
independent of the choice offsBd. In order to obtain
the absolute values ofb in Fig. 5, we have usedfsBd 
B3y2 [15]. Figure 5(b) presents both the positive [afsBd:
open symbols] and the negative contribution [bB2: solid
symbols] as a function ofns for B  1 T. The positive
MC due to quantum interference does not depend onns

within the scatter of data. On the other hand, the negat
contribution, i.e.,bsnsd, has a strong minimum at the
metal-insulator transition.

In summary, we have shown that the metallic beha
ior can be observed in a 2DES by increasing its mob
ity, consistent with the assertion [3,5] that the 2D MI
is driven by electron-electron interactions. We have al
shown that the negative part of the MC, determined by t
spin-dependent part of the interaction, decreases sharp
the transition. We point out striking similarities betwee
transport properties of a 2DES in Si MOSFETs and tho
observed in Si:B, which is a 3D system: (a) TheT depen-
dence is qualitatively the same, i.e.,s increases with de-
1546
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creasingT in the metallic phase [16], and (b) magnetocon
ductance, which is negative in Si:B, depends strongly
the carrier concentration and shows a dramatic decreas
the transition [17]. We recall that such anomalous beha
ior has been attributed to the interplay of electron-electr
interactions and disorder in the case of Si:B. Our expe
ment suggests the possibility that electron-electron int
actions may play a similar role in both 2D and 3D system
near the metal-insulator transition.
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