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Unifying the phase diagrams of the magnetic and transport properties of La_,Sr,CuQ,,
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An extensive experimental and theoretical effort has led to a largely complete mapping of the magnetic
phase diagram of La ,Sr,CuQ,, and a microscopic model of the spin textures produced ix t@.05 regime
has been shown to be in agreement with this phase diagram. Here we usantieimodel to derive a theory
of the impurity-dominated, low-temperature transport. Then, we present an analysis of previously published
data for two samplex=0.002 data from Cheat al, andx=0.04 data from Keimeet al. We show that the
transport mechanisms in the two systems are the same, even though they are on opposite sides of the observed
insulator-to-metal transition. Our model of impurity effects on the impurity-band conduction, variable-range-
hopping conduction, and Coulomb-gap conduction is similar to that used to describe doped semiconductors.
However, for Lg_,Sr,CuQ, we find that in addition to impurity-generated disorder effects, strong correlations
are important and must be treated on an equal level with disorder. On the basis of this work we propose a phase
diagram that is consistent with all available magnetic and transport experiments, and which connects the
undoped parent compound with the lowastalue for which Lg_,Sr,CuQ, is found to be superconducting,
viz. x~0.05.[S0163-18268)10203-3

I. INTRODUCTION pin the carriers at low doping and low temperatures, it is now
well establishedsee Refs. 5rthat the ground state corre-
The transport properties of La,Sr,CuQ, at low tem- sponds to carriers circulating either clockwise or counter-
peratures have attracted considerable attention recently, tlockwise around the impurity. Thus, one possible way to
particular, because it seems that for underdoped, supercotreat the coupling of the hole motion to the magnetic back-
ducting Sr levels (0.05x=<0.15) the normal statésuper- ground is to realize that the presence of strong correlations
conductivity suppressed by the application of a magnetichanges the ground state from that of a circularly symmetric,
field) might be insulating:? In this paper we present a theory s-wave impurity ground state, as is usually assumed, e.g., for
for the transport properties of La,Sr,CuQ, for x<0.05 doped semiconductors, to that of a doubly degenerate state
with the expectation that one can better understand the swith chiral quantum numbe&=+i;® we refer to this as a
perconducting compounds if one first understands the weaklghiral impurity ground state. As mentioned above, this model
and moderately doped nonsuperconducting materials. Ouras been exploited in quantitatively explaining a variety of
theory relies on treating the effects of strong correlations anéxperiments%3 concerning the magnetic properties of

disorder with equal importance. La, ,Sr,CuQ,. In order to make progress on the modeling
We employ a simple model to explain the low- of the transport data we proceed as follows.
temperature transpoftesistivity and magnetoresistanoaf A hole in the chiral impurity ground state circulates either

La,_,Sr,CuQ, for 0.0=x=<0.05, and examine the evolution clockwise or counterclockwise around a plaquette on the
that occurs as the system is doped from the antiferromagneticuO, plane. For our transport analysis we determine a con-
insulator regime to the spin-glass phase. We stress that thisuum approximation for the chiral impurity ground-state
model is not a new invention contrived just to explain thiswave function by examining the Scliager equation in the
data. Instead, this same model has proven successful in deffective-mass approximation. We assume that the hole is
scribing quantitatively the magnetic “spin texture” of this confined to the plane, so(x,y)= ¢(r,¢). Then,

systeni* for 0.0<x=0.05. If any model is indeed a physi-
cally realistic representation of La,Sr,CuQy, it should be

able to explain all of the physics of this material, not just the h? v2 e _
. : - Y- y=Ey, (2.
magnetic or transport properties. Thus, our present work on om* e Jr2r d?
1

the application of this same model to the transport behavior
in La,_,Sr,CuQ, can be viewed as a critical test of the ) ) , ,
model. We find both qualitative and quantitative agreementvhere the potential follows from the location of the impuri-

between this model and published data. ties above or below each Cy(lane, and the out-of-plane
dielectric constant, . For La,_,Sr,CuQ, the appropriate
Il. MODELING OF THE TRANSPORT DATA numbers arem*~1—2 (we use 1.5 d,~1.85 A, and

€, ~311 (We note that experiment has shd@ihat e, is
effectively independent of doping in the range=<0.02)

To begin, let us clearly spell out the approximations im-Mimicking the circulating character of the ground state we
plicit in our transport model. Assuming that the Sr impuritiesdetermine the wave functions of the form exp).

A. Approximations of our transport model
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To compute the radial component of the wave functionthat it can move to sit¢ (assuming that sitgis unoccupiedl
we note that foro= =i states asymptotically far from the At high temperatures, there are phonons of all energies avail-
impurity the Schrdinger equation reduces to a form whoseable, so that the hole can always hop to its neighboring im-
(radia) solutions can be expressed in terms of Kummer'spurity site, regardless of the difference in their on-site ener-
function. Then, using the asymptotic properties of thesejies. Hence, nearest-neighbor, or so-called impurity band
functions, one finds that the continuum approximation to theconduction (IBC), takes place. The conductivity is then
impurity wave function are given by

t//(r,d>)~re*”aeii¢ (2.2)

where a=(e,#%/2m*e?). Using the numbers for
La,_,Sr,CuQ, given above, one has~5.48 A. Of course,
one may also solve the radial ScHimger equation for this
problem numerically, and in what follows all quantitative
results are derived from this more precise determination o

the impurity wave function. As the t wre is | d tion betw iahb
From now on we assume that transport proceeds by holes S the tlemperature IS lowered, motion beétween neighbor-

moving between different impurity states, and ignore the ef\Nd Sites may be forbidden due to the lack of phonons of

fect of strong correlations on the interimpurity transit. That@PPropriate energy. Consequently, it is more likely for the

is, we include the effects of strong correlations only by theirCarriers to hop to a more distant site if this means that the

. e . g difference is less. This is known as Mott variable
influence on the specification of tsgmmetryof the impurity energy . . . .
ground states. If the hole motion is between distant g#es range hoppingVRH). The conductivity ford-dimensional

in Mott variable-range hoppingor between neighboring im- Variable range hopping for conventiorsaivave impurities is
purity sites(as in thermally activated, impurity-band conduc- 91ven by the familiar expression
tion), we simply use the numerical solution of EQ.1) with (2d—4/d+1) Ud+1)
chiral symmetry to predict the transport behavior of E) exp{ _ (E)
T T
whereT, is a characteristic temperature given by

a.Bc(T>~exp( - kZ_T) 2.5

wheree, is the average activation energy needed for a carrier
to move to its neighboring site. This result is independent of
fiimensionality and the symmetry of the impurity ground
State

OvrH,s(T)~ , (2.6

La,_,Sr,CuGO,.

B. Derivations of conductivity

for different temperature regimes
22.8

Using the formalism of the Miller and Abrahams random a— 2.7
resistor network modéf one can compute the transition g(m)kga
probability (y;;) between any two impurity sitésandj. In
what follows we will present the resulting formulas for both 13.8
the s-wave impurity ground states, such that the relation with ZZW

traditional doped semiconductor work is clear, and for our

chiral impurity ground states. _ for three and two dimensions, respectively. Hg(g) is the
For s-wave symmetry impurity states, one finds density of states at the Fermi level, which is assumed to be
constant in the VRH regim¥. Ignoring the prefactor, as is
<7isj>~fi2jd_4exl3( _ 2N S ) (2.3  usually done’ for 3D systems one has the familiar “Mott
1/4 law” for VRH. For the chiral impurity ground states that
we are considering, one finds

(2.9

whered=2,3 is the dimensionality;;; is the distance be-
tween the two sites, ang; is the difference in on-site ener- (2did+1) T\ Ud+D)
gies between the two sites. The activated form is well OvRH (T)~(—) ex;{—(—)
known, but the prefactor may not be; in fact, usually the X T T
prefactor is ignored. However, this dependence has appeared .
in the literature previously[see, e.g., Ref. 13, Egs. and thus only the temperature dependence of the prefactor is

(4.2.17,18]. different.
The corresponding result for the chiral impurity ground FOF temperatures so low that the energy difference be-
states is tween the initial and final site is comparable to the Coulomb

correlation energy between carriers, the density of states near
2 2r; g the Fermi level is no longer constant. Instead, Coulomb in-
(¥¥)~ri] exp{ - ﬁ) (2.4  teractions cause the density of states to vanish at the Fermi
a B level X and a Coulomb gap is formed. A model known as the
Note that the only change is in the dependence of the Coulomb gap(CG) model can be used to describe the con-

. (29

prefactor. ductivity in this situation, and the result is

Applying percolation theory to Egs.(2.3,2.4, one may
derive the conductivity for these theories as a function of 1192 Tes| Y2
temperature, and three different regimes are found. The ‘TCG-S(T)~(?) expg — T) (2.10

transport is always phonon assisted in that energy must be
supplied to(absorbed froma hole localized on sitein order ~ for s-wave states, where
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TABLE I. Summary of the differing temperature dependencies TABLE Ill. Comparison of the IBC and the weak localization

of the conductivity. predictions for thex=0.04 Keimer data, for 0<T<70 K.

IBC oge(T) xexp(—e./kgT) IBC Weak localization

3D s-wave VRH v o(T) < T~ 2ex — (T YY) X 0.000618 0.0142

2D s-wave VRH ovrns(T)exd —(To/MY?]

3D chiral VRH ovr, (T) = T~ ¥2ex] —(T5 /)] The first data that we analyzed were those of=20.002

2D chiral VRH Tvrm(T) T~ Rexd — (T,/T)*7] single crystal prepared by Chest al!! Their analysis ig-
nored the temperature prefactors mentioned above, and led to

3D s-wave CG Teos(T) T lexd —(Tes/T) 2] the conclusion that the transport in this weakly doped anti-

2D s-wave CG oeos(T)oexd —(Tes/T) Y2 ferromagnet could be des_cribed by conventional doped semi-

3D chiral CG e, (T)= T Sexd — (Tes/ T) 2] conductor theory. In particular, IBC was observed for 50 K

2D chiral CG O_CGYX(T)OCT*ZeXF[_(TES/T)UZ] =T=<295 K, Wh||e fOI‘ 4 K=T=<50 K they found that the

conduction mechanism is that of the traditional 3D Mott
VRH type. No data belw 4 K were taken, and thus no evi-

2 g2 dence of CG conduction was found.
TES:'—k, (2.19) We agree with their interpretation of IBC for 50 ¥ T
€|aKg =295 K, and from our fit we find.~0.020 eV as the av-

where ES denotes the theory of Efros and Shklovskii gnd erage activation energy needed for the hop. However, for 4 K

is the in-plane dielectric constant. The corresponding resuff 1 =20 K, we find that the chiral VRH expression from Eg.
for chiral impurity states is (2.9 with d=2 gives a better fit to the conductivity data. A

comparison of all four VRH hopping theories mentioned

1\d Teo| 2 above is provided in Table II.
oce(T)~ ( ?) exp{ - (?) } (2.12 We also studied the conductivity data ofxas 0.04 single
crystal prepared by Keimeet al® For reasons that are un-
The exponent 1/2 inside the exponential factor is the samgl€ar to us, around 50 K only one conductivity theory was
for both two and three dimensions, but again the prefactor§ompared to the data, that being appropriate for a system
depend on the symmetry of the impurity ground state. d!splaymg 2[_) we_ak localization. For such a system one pre-
This sequence of impurity-dominated transport as a funcdicts a logarithmic dependence of temperatuwesich also
tion of temperature, viz. IBC at high temperatures, VRH athas two fitting parameters These authors suggested that
intermediate temperatures, followed by CG transport at low?Uch @ conduction mechanism was operative from 10 K
temperatures, has been observed in a number of experimengall =100 K. Then, for 1 K<T=<10 K the system was in a
systems. For example, in amorphous Ge IBC has been obCrossover” regime, and then fof<1 K the system dis-
served forT=200 K, VRH conduction occurs for 2 kT  Played CG conduction. Clearly, if such a description were
<200 K16 and CG conduction was observed fors2  true, except at the lowest temperatures the conduction
K.14-16 However, the prefactors that we have obtained werdn€chanisms of the=0.002 and the=0.04 systems would
not included in these analyses. In what follows we use thesB2ve nothing to do with one another. o
terms to determine the impurity ground-state symmetry, and [N contrast to this approach, we disagree with using weak-
find strong support for the chiral impurity ground-state !ocahzatlon theory to account fqr the conduct|0-n mechanism
model used previously to describe successfully the magneti® La2-xSKCuO, around 50 K. Firstly and most importantly,
properties of La_,Sr,Cu0,. vyeak localization theory fails to include the strong correlg-
tion effects between the hole and the background Cu spins,
in direct contrast to what is made manifest by studies of the
magnetic properties of this material. Secondly, such behavior
In the previous section we presented our predictions fois completely at odds with the negatiisptropic magnetore-
the temperature dependence of the conductivity due to varsistance observed by this same grdlphfter reanalyzing
ous kinds of hopping conduction processes in different temtheir conductivity data, we find a much simpler and more
perature regimes. The expressions for these conductivitigsatural explanation—for 20 KsT=<70 K, Eg. (2.5, the
are summarized in Table I. In order to fit these expressions teimple activated expression for IBC, gives a much better fit
data, we note that for all theories there are two fitting paramthan the logarithmic temperature dependence arising from
eters. Thus, minimizing thg? of a fit is equivalent to maxi- weak-localization theory. The? for these fits is listed in
mizing the goodness of fit parameter, and in what follows weTable 1Il, and it is seen that IBC has)& at least 20 times
only refer toy?. less than the corresponding for logarithmic temperature

C. Analysis of previously published conductivity data

TABLE Il. Comparison of VRH theories for the=0.002 Chen data, for 50 KK T<295 K.

3D s-wave VRH 2Ds-wave VRH 3D chiral VRH 2D chiral VRH

X2 0.411 0.371 0.317 0.169
Tq 5.1x10° K 6.7x10% K 9.3x10° K 1.3x10° K
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TABLE IV. Comparison of VRH theories for the=0.04 Keimer data, for 1 KT<20 K.

3D s-wave VRH 2Ds-wave VRH 3D chiral VRH 2D chiral VRH
e 0.0756 0.0795 0.0823 0.0483
Tq 2.7x10* K 550 K 1.2x10° K 630 K

dependence. The average activation energy found from the The crossover between IBC and VRH can be estimated
fit is e,~0.002 eV, roughly a factor of 10 less than that for from the condition that the average activation energy be-
the x=0.002 sample. The poor comparison of weak-tween neighboring sites is equal to the activation energy for
localization theory is not improved when a different tem- carriers executing variable range hopping. The latter quantity
perature regime is used. can be determined from expressing the hopping distance be-

If our chiral impurity model is indeed correct, and weak tween two sites in terms of the activation energy, and then
localization is not found for this system, it should exhibit a setting the hopping distance to be the average distance as a
crossover from IBC to VRH as the temperature is loweredfunction of temperature. That is, the activation energy for
and this is precisely what we find. For 1 KT=<20 K, we carriers executing variable range hopping is given by
find that Eq.(2.9 with d=2, the expression for 2D chiral —dInoygry/dB,*> where B=1kgT, and oyry is given by
VRH again gives the best fit to the conductivity data—thethe chiral expression in Eq2.9) with d=2. Hence, by
statistical data are listed in Table IV. solving

Below 1 K we findthat Eq.(2.12 with d=2, the expres-
sion for 2D chiral impurity Coulomb gap hopping gives the oo din(oyry) (2.13
best fit to the conductivity data; Table V summarizes the ¢ dag '
statistical data. :

In all cases discussed above, the best fit to the data e obtains
found to correspond to our 2D chiral impurity ground-state 1 (3e.)\3?
theory. We believe that thisepeated agreemertietween T,BCﬁVRHz—(—C>
theory and experiment lends strong credibility to our model, \/T_z Ks
an argument that is further strengthened when it is noted that For thex=0.002 crystal, we takd,=1.3x10° K from

this same model successfully describes the magnetic prope1r_—able Il, and our fit to IBC yielded, = 0.020 eV. This pro-
, -=0. .

ties of L&, SKCu0;. ducesT gc . vry=51 K, in good agreement with the experi-
mental value of 50 K1 For thex=0.04 crystal we takd ,
D. Crossover temperatures =630 K from Table 1V, and our fit yielded,=0.002 eV.
In the previous section we showed that our 2D chiral con-This givesTgc _, vry=23 K, again in good agreement with
duction model, which follows from the chiral impurity the experimental value of 20 K.
ground state generated by strong correlations, fits the experi- One may derive the crossover temperature from VRH to
mental data better than other available theories. Furthe€G conduction as well. As discussed previously, this cross-
quantitative support for this theory follows from a study of over occurs when the Coulomb correlation energy between
the crossover temperatures, which we now present. carriers is equal to the activation energy needed to hop to a
For thex=0.002 crystal there is a crossover from IBC to distant site. The former is given hg?/e” r, wherer is the
2D chiral VRH conduction at around 50 K. For the most likely hopping distance for variable range hopping.
=0.04 crystal, the crossover from IBC to 2D chiral VRH Hence by solving
conduction occurs at around 20 K. Then, the crossover to 2D

(2.19

chiral CG conduction occurs at around 1 K. 2 T din(oygn) 91
One may determine these crossover temperatures semiem- eler= dg 219

pirically. That is, in what follows we derive the crossover .

temperatures theoretically, but our formulas involve param-0 ne obtains

eters that we cannot determine. However, we can express T3

these parameters in terms of the activation enezgyand TurH  cG= 33,2—E2S (2.16

the characteristic temperaturds and Tgs. All of these 2

numbers were determined in the previous section from theg the crossover temperature between variable range hopping
fits of our mode_l to the experimental data, and are stated i8,4 coulomb gap conduction.

the text and/or listed in the Tables. For thex=0.04 crystal,T,=630 K from Table IV and
Tes=32 K from Table V. This give§ gy _. ce~2 K, again

in good agreement with the experimental value of 1 K.

The other theories discussed in the previous sections can
also be used to calculate crossover temperatures, but none of
these sets of temperatures accurately tracks the experimental
X2 0.291 0.286 1.633 0.271 crossover temperatures as well as our 2D chiral theory. Thus,
Tes 30 K 51 K 80 K 32K this set of crossover temperatures provides further support
quantitatively for our model.

TABLE V. Comparison of CG theories for the=0.04 Keimer
data, forT<1 K.

3D s-wave CG 2Ds-wave CG 3D chiral CG 2D chiral CG
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IIl. METAL-TO-NONMETAL TRANSITION 250
DOPING CONCENTRATION i

Anomalous

La,_,SrCuQ, is a strongly correlated electronic system 140 Metal
era

I

I

|
that is greatly influenced by the disorder effects produced by g :
the Srimpurities. This view is made clear by the above trans-— :
port work and previously published work on the magnetic 5 |
properties It is known that this system undergoes a |
nonmetal-to-metal transition with increasing doping lexel !
and in this section we employ our chiral impurity model to
show that it also reproduces the experimental value for the 5
critical doping level x.~0.02. However, before proceeding i
to this derivation, we wish to present a clear discussion ofXx,
how we believe this transition should be viewed, since con-,— 20

|
fusing and conflicting remarks dominate the literature on this i :
|

ying scale
o]
7

|
Impurity Band |
Conduction !

I I Anomalous
|
|
(
(

Insulator

subject. . . " 2—= Vqriqblél Range Hopping Superconductor
The conventional view of a nonmetal-to-metal transition | |
in a disordered system has been demonstrated for many e» i ' —— :
. oulomi e
perimental systems; here we use the recent, elegant work ¢ T e e A
Dubonet al,*® for Ge (under stressdoped with Cu impuri- 000 001 002 0035 004 005 006 007 008
: ) : . ~Z, ~Toq
ties to demonstrate this. Upper and lower Hubbard impurity €T

“bands” form, and the gap separating these bands decreases . o

with increasing impurity concentration. The critical concen-_ F!G- 1. pap(T) phase diagram for La.,S,CuO, summarizing

tration is that at which this gap closes. However, for Cults transport properties as inferred from our analysis. The dashed
. o o ' line atx.~0.02 is the critical doping concentration for the metal-

doping levels beyond the critical concentration, the transportf

| is still f dto bei latinalike. viz. th 0-nonmetal transition. The dashed linexge=0.05 is the onset for
at low temperatures is still found to be insulatinglike, viz. t esuperconductivity—this vertical line on our phase diagram is a

re_sistivity increases ‘_’Vith decrea_sing temp_era}@cuﬁe)nly at uide for the eye only. The anomalous metallic phase at high tem-
higher temperatures is the chemical potential pushed throuq%bratures forx>0.02 and the superconducting phase %6r0.05
the mobility edge and metallic conduction found. This phe-are also shown in this figure. The nature and the extent of the

nomenology thus implies that the temperature at which me“anomalous insulator” part of the phase diagram is not yet known.
tallic conduction is foundby which we imply that the resis-

tivity increases with increasing temperatui® concentration a

dependent, and that the critical concentration for the Xcm(a—>~0-191, (3.
nonmetal-to-metal transition is the doping level for which 0

metallic conduction is first found at high temperatures.  wherea is the effective Bohr radius of the chiral impurity

This picture is consistent with published transport data foiground statestated previously to be 5.48)Aanda,=3.85
La,_,SrCuQy, at low and intermediate doping levels: Atthe A is the planar lattice constant. Solving this equation we
lowest Sr levels the resistivity is always found to be find x,~0.018, in good agreement with experiment. The fact
insulatinglike!>?° while for largerx (Ref. 21 only at high  that our theory iswo dimensional agrees also with the ex-
temperatures does the resistivity increémgproximately lin-  perimental fact that even though the in-plane dielectric con-
early) with increasing temperature. This is further substanti-stant at high frequencies divergest, the out-of-plane
ated from the dielectric constant measurements of Cheglielectric constant remains roughly constant &s is
et al’? who found that the in-plane dielectric constant of approached? Thus, quantitatively and qualitatively, we find
La,_,Sr,CuQ, saturated at high frequencies, and this saturathat our chiral impurity model is consistent with available,
tion value diverged at some doping level. It is difficult to published transport data on the metal-to-nonmetal transition.

infer the criticalx value from this experiment, and in what

f_oIIows we usex,~0.02+0.005 as a reasonable approxima- IV. pa, PHASE DIAGRAM
tion for the critical concentration of the metal-to-nonmetal
transition. Figure 1 shows the approximagg, transport phase dia-

Our chiral impurity model can be used to estimate thegram for the new hopping conduction mechanism that we
critical doping concentration for La,Sr,CuQ, via the propose forx<0.05, and summarizes our results. From this
Mott-Hubbard treatment of such transitions. The overlap infigure it is clear that our work supports the contention that at
tegral between impurity sites separated by a distane@nd low temperatures the conduction mechanism on either side
the on-site Coulomb repulsion for two holes being at oneof the metal-to-nonmetal transitiorx{~0.02) is the same.
impurity site, can be estimated using the wave function giverThis is in disagreement with the idea proposed in Ref. 9 that
in Eq. (2.2). Then, the Mott criterion corresponds to the dop-weak-localization effects are seen in tke-0.04 transport
ing level at which an impurity “band” has a width equal to data. Forx=0.02 and at higfT, La,_,Sr,CuQ, behaves like
the on-site Coulomb repulsion energy. These simplean anomalous metal with an approximatdinear resistivity.
calculationé? lead to the 2D analogue of Mott’s criterion for Our theory has nothing to say about the dominant scattering
chiral impurity ground states, viz. mechanism that produces this unusual behavior.
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In Fig. 1 the superconducting phase fo=0.05 andT  above and below=0.05(Ref. 23 will allow for us to judge
<T,. is shown. The region between the superconductingonclusively if it is appropriate to extrapolate our theory to
phase and the anomalous metallic phase is referred to as #me doping concentrations containing the superconducting

“anomalous insulator” phase according to Andbal® They  samples.
examined the normal state properties of,LaSr,Cu0, (X

=0.08 andx=0.013) down toT/T.~0.04 by suppressing V. SUMMARY
superconductivity with a pulsed magnetic field of 61 T along
thec axis. They measured the in-plane resistiyity, and the To summarize, we have presented a theory of the trans-

out-of-plane resistivity ., and found insulating behavior for port of La,_,Sr,CuQ, for x<0.05. It is to be emphasized
both resistivities at low temperatures. Under the assumptiothat the physics that led to our theory, the chiral impurity
that the magnetic-field dependence of the resistivity is venground state and the successful description of the spin tex-
small compared to the temperature dependence, Andd.  ture of La,_,Sr,CuQ, at low temperature$ are the same.
claim that their materials are indeed insulating in the regiorDisorder and strong correlations dominate the low tempera-
labeled “anomalous insulator” in Fig. 1However, their ture, low doping regime of La ,Sr,CuQ,.

main assumption has been challenged by the work of Mali- One potential weakness of our work is that almost all of
nowski et al,> who claimed that the behavior observed in our comparisons are of a quantitative nature. Instead, one
strong magnetic fields is not a reliable guide to the nature ofvould like to compare the qualitative behavior found in cer-
the zero-field ground state in the absence of superconductivain transport measurements. To this end, we are presently
ity. Malinowski et al. measured the normal-state conduc-preparing a manuscript on a comparison of our theory to the
tances per Cu@plane for two highly underdoped supercon- magnetoresistance measurements for samples in this same
ducting La,_,Sr,CuQ, samples x=0.048 andk=0.051) at  doping regime. In particular, such work allows for the scal-
different fields, and their data are found to collapse onto onéng properties of a theory, with respect to field and tempera-
curve with the use of a single scaling parameter that is inture, to be compared to experiment. This theory is outside of
versely proportional to the Bohr radius of the ground-statghe simple treatment of impurity-dominated hopping-type
wave function. When extrapolated to zero field, this scalingconduction given here, and will be reported elsewhere.
parameter approaches zero, which suggests that the zero-field

ground state may be extendeq, as opposed to localaed ACKNOWLEDGMENTS
suggested by Andet al). This discrepancy between the two
groups has not yet been settled. We wish especially to thank Chih-Yung Chen and Bern-

The relationship of our work to this portion of the phase hard Keimer for providing us with listings of their previously
diagram is unclear. If disorder effects are important, then it igpublished data, and Shiki Ueki, Kazu Yamada, Yasuo En-
certainly possible that the anomalous insulating behafiior doh, Lance Miller, and Oscar Dubon, for providing us with
truly present might be related to the physics discussed indata prior to publication. One of UR.J.G) wishes to thank
this paper. Alternatively, as proposed in Ref. 2, if the anomaMarc Kastner for introducing him to the MIT experimental
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