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Masking by weak localization of metallic behavior in a two-dimensional electron system
in strong parallel magnetic fields

A. Lewalle,1 M. Pepper,1 C. J. B. Ford,1 D. J. Paul,1 and G. Redmond2
1Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom
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~Received 19 May 2003; revised manuscript received 16 September 2003; published 26 February 2004!

The rise and saturation, in a parallel magnetic fieldBi , of the resistivity of two-dimensional electron
systems on the metallic side of the apparent metal-insulator transition~MIT ! can be interpreted as the destruc-
tion of a metallic state. It is also compatible, however, with the reduction of screening of charged impurities,
resulting from the breaking of the spin degeneracy, in a traditional Fermi liquid. We demonstrate, using a
Si-MOSFET, that electrons in a strong magnetic fieldBi parallel to the Si-SiO2 interface may exhibit a
metalliclike behavior, analogous to the effect observed atBi50, provided that weak-localization corrections
are suppressed. Conventionally, this suppression is achieved by applying a perpendicular magnetic field, but it
appears that this also happens when a strong electric field is applied between the source and drain. Both
methods are used in this paper. AtBi50, weak-localization corrections are also visible but the metalliclike
contribution to the resistivity is greater. These results suggest that spin polarization may simply reduce the
strength of mechanisms, such as screening, which contribute a metalliclike temperature dependence to the
resistivity,relative to weak-localization corrections. The polarized system undergoes a transition from weak to
strong localization at a lower critical resistivity and at a larger density than the unpolarized system.

DOI: 10.1103/PhysRevB.69.075316 PACS number~s!: 71.30.1h, 73.20.Fz, 73.40.Qv
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A significant feature of two-dimensional~2D! systems ex-
hibiting a ‘‘metallic’’ behavior~defined, at finite temperatur
T, as dr/dT.0, at carrier densitiesn greater than some
value nc and resistivitiesr less than some valuerc) is the
rise and saturation ofr when a magnetic fieldBi is applied
parallel to the plane of the electrons. This saturation is
lated to the spin polarization of the electrons.1,2 Some au-
thors ~see Refs. 3 and 4 and references therein! argue that a
‘‘metallic’’ behavior at Bi50 indicates a genuine metalli
state, in the sense that the charge carriers are delocaliz
T50 ~a condition that is never achievable experimentall!,
so thatr remains finite. Since, in the absence of electro
interactions, quantum interference~weak localization! makes
any two-dimensional system insulating, this metal can o
exist by virtue of interactions that cancel weak localizatio
They also argue that this metal is destroyed when the e
trons are fully spin polarized. Recently, a theory by Za
et al.5,6 suggested that, when the Zeeman spin splitting
much less than the Fermi energy, the sign and the magni
of the gradient dr/dT, in the ballistic regime, depend on th
Fermi-liquid interaction parameterF0

s , which measures the
strength of exchange interactions. According to this theo
F0

s accounts for the metallic behavior dr/dT in zero mag-
netic field, but a fully polarized system must always sh
dr/dT,0. This is in agreement with the reports th
nc diverges asBi increases,2 which would signal the de-
struction of the ‘‘metallic’’ state. Experimentally, howeve
positive7 and negative8,9 values of dr/dT have been observe
in the spin-polarized state by different authors. The pres
work seeks to clarify under which conditions and by wh
mechanism dr/dT can change sign. This is necessary to d
termine whether or not the observed ‘‘metallic’’ behavior r
ally shows a true metal.

In noninteracting theories, an insulating behavior aris
from weak localization~WL!,10 is generally expected to
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dominate asT decreases. This is because the pha
coherence timetf increases more rapidly with decreasingT
than the momentum relaxation timet. The greater the ratio
tf /t, the greater the number of self-intersecting paths t
contribute to weak localization.~When tf,t, there are no
such paths.! Some authors11–14 have shown that, in sample
with low disorder and non-negligible interactions, in ze
magnetic fields, WL corrections inr(T), while present, may
escape notice at moderately low temperatures becausetf is
not yet much larger thant. The negative contribution to
dr/dT, due to WL, is then overwhelmed by othe
T-dependent effects, such as screening,15,16 a semi classical
effect that can produce a large, positive dr/dT. In this case,
WL corrections inr(T) would become dominant only at low
temperatures that may not be accessible experimentally. N
ertheless, WL corrections are still manifest inr(B'), where
B' is a weak magnetic field perpendicular to the plane of
carriers, becauset andtf are not dependent on smallB' .
Thus, such a systemapproximatesto a metal but is not a
genuine metal. In a recent paper, Rahimiet al.17 observe the
disappearance of the WL corrections asn approachesnc , and
interpret this as an indication that interactions suppress W
However, their analysis relies on a theory of WL that a
sumesr!h/e2; it should be noted that, in the vicinity ofnc ,
r'h/e2, so that the scattering length is comparable to
Fermi wavelength~i.e., a disorder-related effect!.

The aim of this work is to investigate the ‘‘destruction’’ o
the ‘‘metallic’’ behavior by a parallel magnetic fieldBi . Our
approach consists of studying the dependence ofr on T and
Bi after having suppressed the WL corrections tor. Hence,
it is possible to determine whether thedominantbehavior is
due to strong interactions (F0

s) or to a more familiar mecha
nism ~WL!. The results show that opposing tendencies co
ist when the electrons are spin polarized: apositivecontribu-
©2004 The American Physical Society16-1
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tion to dr/dT exists, but is weak compared to the W
corrections. AtBi50, when the electrons are unpolarize
WL is also observed but it is now weaker than the posit
contribution, in agreement with Refs. 11–14. This sugge
that the polarized and unpolarized systems may be gove
by similar mechanisms, and that therelative significance of
these mechanisms may depend onBi . Once WL effects are
subtracted, the two systems may be qualitatively similar.
deed, our experimental data suggest that the spin-polar
electrons undergo a transition to strong localization, in
manner similar to the unpolarized electrons, albeit with d
ferent values ofnc andrc . There need not be a fundament
transition brought about by spin polarization.

Measurements were performed on ann-type Si-MOSFET
inversion layer with a peak mobility of 19000 cm2/Vs, cor-
responding to a densityn'431011 cm22. The device has a
Hall-bar geometry (10003100 mm2), permitting four-point
measurements of the resistivity, using constant a.c. curre
17 Hz. Measurements were performed on a pum
helium-3 cryostat, with bath temperature ranging from 0.3
3.0 K, fitted with a 12-T magnet and a rotation mechani
allowing an arbitrary orientation of the 2D system relative
the magnetic field.

A magnetic field B' suppresses WL by introducing
phase difference between the partial waves that interfer
produce WL. This gives rise to a negative magne
resistance18 and to a method for measuringtf . The conduc-
tivity s5r21 is fitted to the function19

s~B'!5s`2
avgsgve

2

4p2\
FCS 1

2
1

\

4eB'Dt D
2CS 1

2
1

\

4eB'Dtf
D G . ~1!

Here,s` is the component ofs that does not depend on WL
gs andgv are the spin and valley degeneracies,C(x) is the
digamma function,D52p\2/gsgve

2mr is the diffusion co-
efficient,t is the scattering time andm is the effective mass
av is related to the ratio of inter-valley to intra-valley sca
tering rates and may take values between20.5 and 1.

From Eq.~1!, the magnitude of the WL correction, atB
50, is given by

DsWL[s`2s~0!5
avgsgve

2

4p2\
lnS tf

t D . ~2!

DsWL is usually small compared tos(0) for typical electron
densities and temperatures. Unfortunately, it is often diffic
to determinetf unambiguously sinceDsWL is a function of
both av and tf . The following results assumeav51, cor-
responding to simple bands without spin-orbit scattering.

WL was measured for nonzero values ofBi , i.e., when
the electrons are spin polarized, by tilting the sample rela
to the solenoid. Figures 1~a!–1~c! show the perpendicula
magnetoresistivity r(B') at a fixed density n52.05
31011 cm22 for fixed total fieldsB56, 9, and 12 T. Be-
causeB'!B, we haveB'Bi . A weak source-drain curren
of rms amplitude 3 nA was used, as strong currents m
07531
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result in heating and may affecttf . The peaks, characteristi
of weak localization, were measured for three temperatu
The corresponding decoherence ratestf

21 were obtained
from Eq. ~1!, with the assumptions thatav51 and that the
system is always near full polarization~i.e., gs51 and D
5p\2/e2mr). The use of Eq.~1! is justified, in spite of the
large degree of spin polarization, because the resistivity
mains low at this density and an ohmic behavior is retain
In this paper, all fits to Eq.~1! treats` as a free parameter, t
accommodate any dependences on temperature and el
field. Also, sinceB'!Bi , the perpendicular and paralle
magnetoresistivities can be considered independent. The
sults are plotted in Fig. 1~d! and are consistent with the re
lation tf

21}T predicted by theory.20 It is therefore unlikely
that tf is significantly affected by the small amplitude o
this current.

Figures 1~a!–1~c! suggest that the sign of dr/dT depends
on the relative strengths of competing tendencies, negat
and positive. The data were fitted to Eq.~1! to extract the
resistivity in the wings of the curves,r`5s`

21 , and the
height of the peaks above this baseline,DrWL5r(B'50)
2r`'2r`

2 DsWL . The effects of WL are contained solel
in DrWL . As T increases from 0.3 to 1.0 K,r` increases by
~a! 4%, ~b! 0.7%, and~c! 3%, whiler(B'50) decreases by
~a! 2%, ~b! 6%, and~c! 2%. @The values ofr` at T50.3 K
are ~a! 6.1, ~b! 5.7 and~c! 3.8 kV/h.# We note that, in the
three cases, the net change in the height of the peak betw
these temperatures is approximately 6%, independent ofBi .
Thus, in Figs. 1~a! and 1~c!, a negative dr/dT is observed at
B'50 because dr` /dT,2d(DrWL)/dT, whereas a posi-
tive dr/dT is apparent for largeuB'u, where dr/dT
'dr` /dT. This effect is not apparent, however, in Fig. 1~b!,
where dr` /dT is small. Similar data obtained by othe
authors11–14 for unpolarized electrons (Bi50) show dr/dT
.0 for all values ofB' , evenB'50. This behavior was
reproduced in the present samples atBi50 and is consisten
with dr` /dT.2d(DrWL)/dT in this regime, within the
range of accessible temperatures.@At lower temperatures,

FIG. 1. ~a!–~c! Magnetoresistivity in weak perpendicular field
for total fields of 12, 9, and 6 T, at temperatures~in order of de-
creasing line solidity! of 0.3, 0.6, and 1.0 K. The electron density
fixed atn52.0531011 cm22. r was measured with a small curren
I sd53 nA. ~d! The corresponding phase-coherence timestf

21

plotted as a function ofT.
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though, we expect dr` /dT,2d(DrWL)/dT.] Figure 1 thus
illustrates the principal qualitative conclusion of this pap
under some conditions, the behavior ofr may depend
strongly on whether WL is present (B'50) or absent@i.e.,
far in the wings of ther(B') curves#.

An electric field between the source and the drain c
reducetf .21 This may be interpreted as an electron-heat
effect analogous to raising the substrate temperature.20 How-
ever, we find that these two sources of ‘‘heating’’ affectr
differently. Figure 2 shows the effect onr(B') of ~a! raising
the substrate temperature, or~b! applying a large low-
frequency source-drain currentI sd ~or, equivalently, an elec
tric field!. The constant electron densityn52.05
31011 cm22 and the parallel magnetic fieldBi'B512 T.
At this density,DrWL and the heating effects are small com
pared to the parallel magnetoresistivity and can be treate
perturbations. @r(Bi512 T)2r(Bi50)'5 kV/h. This
value is not strongly dependent onI sd in this regime.# The
dashed curves in Figs. 2~a! and 2~b! correspond to the sam
data, with I sd53 nA and T50.32 K. I sd53 nA is a weak
current that does not limittf . We note that the data obe
uB'u<\/4eDt'0.26 T, the range of validity of Eq.~1!. We
obtaintf513.1 ps. For the dotted curves,tf is reduced to
remarkably similar values@tf54.3 ps in~a! and 4.2 ps in
~b!#, through the two different ‘‘heating’’ mechanisms:~a!
I sd53 nA, T50.97 K and~b! I sd5100 nA ~corresponding
to an electric field'7 mV/m between the source and th
drain!, T50.32 K. Interestingly, these curves differ in the
baseline resistivitiesr` , as indicated by the horizontal line
at the bottom of the figures. The temperature change~0.33–
0.97 K! in Fig. 2~a! raisesr` by 4%, whereas the curren
increase~3–100 nA! in Fig. 2~b! raisesr` by only 0.3%.
This result suggests that we cannot associate unambiguo
an effective temperature with the ‘‘heating’’ produced by t
large current. Despite the uncertainty inr` , due to the lim-
ited number of data points used for fitting Eq.~1!, Fig. 2~a!
highlights the central qualitative result of this paper: in
strongBi , theT dependence ofr may be dominated by WL
corrections; having subtracted these corrections, o
mechanisms with a positive contribution to dr/dT become
apparent.

FIG. 2. Suppression of the weak localization correctionDrWL

52r`
2 DsWL by ~a! temperature or~b! a large source-drain curren

I sd. Electron density n52.0531011 cm22, parallel field Bi
512 T. For the dashed curves in~a! and ~b!, I sd53 nA, T
50.32 K (tf513.1 ps). Dotted curves: ~a! I sd53 nA, T
50.97 K (tf54.4 ps), and ~b! I sd5100 nA, T50.32 K (tf

54.2 ps). The horizontal lines below the curves show the co
sponding baseline resistivitiesr`5s`

21 that remain when the WL
corrections are subtracted.
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Figure 3 compares theT dependences of theparallel mag-
netoresistivity r(Bi), for the same densityn52.05
31011 cm22 and fixedB'50, for small ~3 nA! and large
~100 nA! I sd. For smallI sd @Fig. 3~a!#, there is no positive
dr/dT at Bi512 T. As confirmed in Fig. 1~a!, this is the
regime where WL dominates. For largeI sd @Fig. 3~b!#, a
positive dr/dT is observed atBi512 T. This is the same
qualitative behavior as that ofr` in Fig. 1~a!. ~The range
7 T,Bi,11 T, shows the opposite tendency, but the beh
ior in this regime is likely to be complicated by the fact th
the electrons arepartially polarized.!

There is therefore no simple correspondence between
dephasing brought about by the use of a strong current
by the substrate temperature. Our results suggest that
large current reducedtf but did not affectt significantly
(r`5m/ne2t). This effect will be used to probe the beha
ior of r(T) once the WL corrections have been subtracted
is emphasized that the justification for using this techniqu
empirical, and awaits a rigorous treatment. In the meanti
the qualitativeconclusions of these results are consistent

Figure 4 shows the magnetoresistivityr(Bi), measured
with a current amplitude of 100 nA, for a number of electr
densitiesn and a range ofT. At Bi50, this system has a
critical resistivityrc542kV/h, and the densities shown co
respond to the ‘‘metallic’’ regime~with dr/dT.0). For all
the densities shown,r increases and then saturates asBi is
increased. For eachn, at the pointBi5Bi

c1, r5rc1 ~upward
arrows!, r is T independent. The value ofrc1 decreases as
Bi increases, in agreement with other experiments~for ex-
ample, Ref. 22!. The plateau resistivities at largeBi for n
<1.2531011 cm22 increase strongly with decreasing tem
perature. It is likely that this tendency will continue at st
lower temperatures. This is the ‘‘destruction’’ of the ‘‘meta
lic’’ state that has been discussed by other authors.4 How-
ever, this does not happen forn>1.5631011 cm22, where a
secondcrossing point is visible atBi5Bi

c2 ~downward ar-
rows!. For these densities, a positive dr/dT is recovered at
largeBi . The discussion of Fig. 2, above, suggests that
results from thesuppressionof WL by the strong current.
Although magnetic fields beyond 12 T were not availab

-

FIG. 3. Temperature dependence ofr(Bi) for ~a! I sd53 nA and
~b! I sd5100 nA. n52.0531011 cm22. The vertical dotted lines in-
dicate transitions from ‘‘metallic’’ (dr/dT.0) to ‘‘insulating’’
(dr/dT,0) behavior. There is no ‘‘metallic’’ regime at largeBi in
the low-current case~a! within the available magnetic field. For th
temperatures shown, the crossing points of the curves in~b! occur at
the dotted lines.
6-3
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one may reasonably expect that a second crossing poi
not likely to exist forn<1.2531011 cm22.

An alternative method used for detectingBi
c1 and

Bi
c2 was to varyn andT, keepingBi constant. The crossing

points were again clearly identifiable. The results are su
marized in Fig. 5, where the circles represent the cross
points obtained by sweepingBi , and the squares by swee
ing n. The consistency between the two sets of data confi
that any hysteresis in either the field or gate-voltage swe
if present, is weak. Figure 5 is not intended to be a prec
phase diagram, but rather to discriminate roughly region
phase space according to thesign of dr/dT, under the con-
dition I sd5100 nA. Following the discussion of Fig. 2 pre
viously, we argue that this behavior~at I sd5100 nA) reflects
the behavior ofr` , i.e., the component of the total resistivi

FIG. 4. Magnetoresistivity in a parallel magnetic field for
range ofn and T, measured with a~strong! current I sd5100 nA.
Number labels give the density~/1011 cm22). T ranges from 0.3
~solid line! to 3 K. Arrows (↑,↓) at Bi5Bi

c1,Bi
c2 indicate the cross-

ing points of the low-T curves.

FIG. 5. Map ofT-independent points,Bi
c1(n) ~lower curve! and

Bi
c2(n) ~upper curve!, obtained by sweepingBi ~circles! or n

~squares!. The current used for the measurements wasI sd

5100 nA, which seems to suppress WL, as discussed in the m
text. Regions on the map are labeled for convenience as MU,
and S. Numbers indicate the resistivity~in kV/h) at the crossing
points. MIT1,2 ~at n5nc1,nc2) show the location of the MIT for
unpolarized and polarized electrons.
07531
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that is independent of WL. For convenience, let us name
‘‘metallic’’ region Bi,Bi

c1 ‘‘MU,’’ the ‘‘metallic’’ region Bi
.Bi

c2 ‘‘MP,’’ and the intermediate region ‘‘S.’’ The data sug
gest that region S marks the boundary between fully po
ized ~region MP! and unpolarized or partially polarized~re-
gion MU! electrons. Indeed, Figs. 4 and 5 show that
corresponds to the ‘‘knee’’ inr(Bi), i.e., before the electron
are fully polarized. Although dr/dT,0 in region S, it must
not be considered as a real insulator, in the sense thr
increases exponentially asT decreases.

The lowest point on Fig. 5~labeled MIT1! represents the
usual ‘‘B50 metal-insulator transition.’’ Here,nc50.88
31011 cm22 andrc542 kV/h. As Bi is increased, the tran
sition shifts to largern andrc drops rapidly, as indicated by
the numbers written along the curves. Other authors3,22 have
observed a similar effect which they interpreted as the
struction of the ‘‘metallic’’ state by the magnetic field. Ou
data indicate that, whenBi is sufficiently large so that the
electrons become fully polarized, metallic behavior becom
apparent provided that WL corrections are subtracted.
large enoughBi , region MP extends to arbitrarily large va
ues ofn. This is in contrast to the prediction of Zalaet al.6

which predicts dr/dT,0 even in theabsenceof WL.
There is therefore no reason,a priori, to discard tradi-

tional theories that predict a positive dr/dT ~neglecting WL!.
T-dependent screening15,16 has the advantage of providing
reasonable agreement with experiment on the basis of s
classical mechanisms. It assumes that interactions af
through screening, only the effective disorder seen by
carriers. The screened disorder potential, treated in the B
zmann formalism, has the form23

V~q!5V0~q!S 11
qs~q!

q D 21

, ~3!

whereV0(q)5e2/4pee0q is the unscreened potential,q the
scattered wave vector, andqs the screening wave vector. A
T50, within the Thomas-Fermi approximation (q→0),
qs(q) is a constant:

qs
TF5gsgvme2/4pee0\251.23109 m21, ~4!

wheregs5gv52 are the spin and valley degeneracies in s
con. This signifies that screening is directly related to
total density of states, since electrons of either spin part
pate equally in screening. The random-phase approxima
is more general and allows finite values ofq. For q,2kF

~where kF is the Fermi wave vector!, qs(q)5qs
TF; for q

.2kF , qs is a sharply decreasing function ofq. A kink ~the
Kohn anomaly! separates these two regimes; the smearing
this anomaly by finite temperatures produces the linearr(T)
usually associated with metallic systems16:

r~T!5r~0!@11CT/TF#; T!TF , ~5!

with C.0. This theory, of course, neglects WL.~Zalaet al.5

predict a similar form, but withC being unpredictably posi-
tive or negative.! In principle, Eq.~5! also applies to polar-
ized electrons, but~1! dr/dT should decrease sinc
TF doubles upon polarization, and~2! r(T50) should in-

in
P,
6-4
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MASKING BY WEAK LOCALIZATION OF METALLIC . . . PHYSICAL REVIEW B 69, 075316 ~2004!
crease by a factor of approximately 4, as a consequenc
the breaking of the spin degeneracy (gs→1) ~Ref. 24!:

r}uV~q52kF!u25ue2/4pee0~qs12kF!u2}gs
22. ~6!

~The last relation uses the facts that, for typical experime
electron densities,qs@2kF and qs}gs.) Both of these pre-
dictions are confirmed in Fig. 4, for those densitiesn.nc2

showing the crossing atBi5Bi
c2.

Of course, screening theory is only applicable whenkFl
@1 ~corresponding tor!h/2e2513 kV/h), wherel is the
mean free path. Mott-Anderson localization occurs when
level of disorder reaches a critical value, in the regime wh
kFl;1.25,26 Since the strength of screening isgs-dependent
through Eq.~4!, it is possible that a system just on the ‘‘m
tallic’’ side of MIT1 in Fig. 5 undergoes a Mott-Anderso
localization whenBi is applied. The absence ofBi

c2 for n
<1.2531011 cm22 in Fig. 4 is consistent with this hypoth
esis. If, however, the initial value ofkFl at Bi50 is suffi-
ciently large ~when n.nc2), its value in region MP may
remain above the critical value.

MIT2 in Fig. 5 can then be regarded as the transit
analogous to MIT1 for the case of polarized electro
Strictly speaking, MIT2 is located on the upper curve whe
r takes its asymptotic value; the data suggest that this v
is less than 20 kV/h. We shall assume that the transitio
MIT1 and MIT2 can be discussed in the framework of t
Mott-Anderson model.25,26 This may be justified by consid
ering the consequences, on the critical concentrationnc and
resistivity rc of MIT1, of increasing the effective disorde
by applying a large negative substrate bias relative to the
SiO2 interface. This reduces the mobility for a givenn as a
result of enhanced scattering by interface roughness o
interface charges.27–29 In going from Vsub50 to 225 V,
MIT1 shifts from nc150.8831011 cm22 to nc1→1.22
31011 cm22, but rc1542 kV/h remains constant to within
5%. This is consistent with the Anderson-Mott model26 for a
disorder-induced transition, where it is the value ofrc ~the
‘‘maximum metallic resistivity’’! and notnc that defines the
MIT.

The discrepancy between our two critical resistivities
intriguing: rc1542 kV/h, whereas rc2'17 kV/h, al-
though this value, obtained at the largest availableBi , is
certainly underestimated. Nevertheless, Fig. 4 suggests
rc2 should be less than;20 kV/h. On the basis of the
Anderson localization model25 and neglecting the effects o
multiple scattering, Mott26 predicted that the value o
rc should in fact be universal:

rmax;
2

gsgv

h

e2
X, ~7!

whereX is a constant expressing the degree of disorder;
related to the suppression of the density of states resu
from disorder broadening.26 Although this formula was origi-
nally derived for states in an impurity band, Mott argued th
it should apply to all Anderson-like transitions, regardless
the origin of the disorder or of the form of the conductio
band. Assuming that this model applies to MIT1~wheregs
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52) and MIT2 ~wheregs51), it follows from the experi-
mental data thatX is roughly four times as large for MIT1 a
for MIT2. In other words, a greater degree of disorder
necessary to localize theunpolarized electrons. This is a
odds with Mott’s prediction thatX should be universal.

As discussed previously, some authors have argued th
real metallic state exists atB50 ~see Refs. 3 and 4! but that
it is destroyed once the spins are polarized. This occurs p
sibly via the quenching of the exchange interactions. Ho
ever, a simpler scenario is that of a transition from weak
strong localization whose condition is polarization depe
dent. Mott’s original treatment of the Anderson model is
course strictly valid only for a spin-degenerate system wh
all the quantum states are doubly occupied. This is likely
be true for extended and localized wave functions wh
decay lengthR is large, so that the Coulomb repulsion
same-site electrons (}e2/R) is small compared to the Ferm
energy, but it may be incorrect whenR is small. Reference
30 predicts a ferromagnetic ground state for disord
localized electrons; this magnetization is destroyed when
electrons are delocalized. In this case, it is possible that
calizing an unpolarized electron gas would require larger l
els of disorder, to create enough localized states to acc
modate the carriers of both spin orientations. This hypothe
requires further investigation.

It would be highly desirable, as a support to the abo
interpretation, to show that MIT1 and MIT2 represent tra
sitions to insulators with an activated temperature dep
dence, as predicted by the Mott-Anderson model. Unfor
nately, as MIT1 and MIT2 are approached, the syst
becomes increasingly non-ohmic, making Eq.~1! unreliable.
It is difficult, in this regime, to discriminate the effects o
interference and those arising from other mechanisms
must also be borne in mind that the Mott-Anderson transit
is an approximation that neglects interference effects. T
present data suggest that, at largeBi , these effects may wel
be significant. Nevertheless, the Mott-Anderson model p
vides a convenient framework to picture the underlying p
cess.

The question why, in region S, the sign of the temperat
dependence should differ from that in MU and MP also
mains to be answered. In this regime, spin-up and spin-do
electrons coexist and differ greatly in their concentratio
(n↑ and n↓) and Fermi wave vectors@kF↑,↓}(n↓,↑)1/2#.
Moreover, since minority spin electrons, at the Fermi ener
are screened by both majority- and minority-spin electro
and majority-spin electrons are not screened significantly
the minority-spin electrons, the two subsystems experie
different effective disorders. Scattering times and mean f
paths differ correspondingly. It is therefore possible for t
minority spins to satisfy the Ioffe-Regel criterion (kF↓l;1)
and become localized, whilst the majority spins are meta
(kF↑l @1). In this model, the minority spins (↓) conduct by
hopping while the majority spins (↑) propagate as waves
The overall behavior near full polarization is a balance b
tween opposing tendencies, whoseT dependence may b
very different. A quantitative treatment would involve calc
lating screening effects in the regime of lowkFl for partial
spin polarization; this is not achievable at present.
6-5
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The existence of a spin-polarized metal has been
cussed by other authors. Shashkinet al.8 report a transition,
at bothB50 and largeBi , where the activation energyEa
for conduction vanishes.~The corresponding critical dens
ties are very similar to those for MIT1 and MIT2 in Fig. 5!
On the ‘‘metallic’’ side,Ea50 but dr/dT,0. On the other
hand, Merteset al.7 observe positive and negative dr/dT at
large n in strong fields; their results show consistency w
the existence of region S in Fig. 5 without applying a p
pendicular magnetic field. Neither of these papers, howe
addresses the issue of WL and the need to suppress it b
considering theT dependence of other mechanisms. T
present work demonstrates that this is crucial. It is likely t
a comprehensive experimental study of the resistivitywith-
out WL will provide a useful insight into the similarities in
the scattering mechanisms in the unpolarized and polar
‘‘metals.’’

In conclusion, our results suggest that the reason for
disappearance of the positive dr/dT in largeBi is due to a
change in the significance of WL correctionsrelative to other
mechanisms, such as screening. The existence of weak l
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ization at all polarizations in this regime, including atBi
50, suggests that the system is an insulator atT50, in
agreement with Refs. 13, 14, and 31. At finiteT, WL correc-
tions may be small enough to make the positive dr/dT ap-
parent. It is possible that this behavior can be described
the basis of screening theory, given that, forn.nc2, r(Bi
→`)'4r(Bi50). However, the WL corrections may dom
nate the weak positive contribution of screening to dr/dT.
This role of WL was observed by quenching it, either
applying a weak perpendicular magnetic field or a lar
source-drain current to dephase the electrons.~The latter
method, although justified empirically in this paper, awaits
full characterization and a theoretical treatment.! Thus, the
systemappearsmetallic forn.nc1 andB50, and insulating
at largeB. An interesting, and so far unresolved, issue is
difference in the ‘‘maximum metallic resistivity’’ for polar-
ized and unpolarized electrons.

This work was made possible thanks to funding from t
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