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Insulator-to-Metal Crossover in the Normal State ofLa22xSrxCuO4 Near Optimum Doping
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A 61-T pulsed magnetic field suppresses superconductivity in La22xSrxCuO4 single crystals and
reveals an insulator-to-metal (IM) crossover for both in-plane resistivityrab andc-axis resistivityrc at
a Sr concentration near optimum doping (x . 0.16). The IM transition is unusual in thatall underdoped
samples (x , 0.16) show low-temperature insulating behavior, even in samples with linear-T rab above
Tc and apparently largekFl. [S0031-9007(96)01773-5]

PACS numbers: 74.25.Dw, 74.25.Fy, 74.72.Dn
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The anisotropic normal-state resistivity of the hig
temperature superconducting cuprates exhibits a pec
evolution as the carrier concentration is increased thro
the superconducting phase [1,2]. As the carrier conc
tration is increased from the undoped insulator, by
doping in the case of La22xSrxCuO4 (LSCO), the in-
sulating phase (“I” in the inset of Fig. 1) gives wa
to superconductivity (SC). If the cuprate is sufficien
overdoped that superconductivity is destroyed, both
in-plane resistivityrab and c-axis resistivityrc exhibit
“metallic” (drydT . 0) behavior down to the lowest ex
perimental temperatures and share some of the prope
of an anisotropic three-dimensional Fermi liquid [1–
However, the low-temperature limiting behavior of t
crossover from insulator-to-metal (IM) is hidden by t
existence of the superconducting phase.

Our goal is to study this IM crossover in the low
temperature normal-state resistivity as a function of c
rier concentration in the absence of superconductiv
Existing data on LSCO aboveTc suggest that increas
ing carrier concentration drivesrab metallic beforerc

[2,3]. In general, near optimum doping,rab in the
cuprates is metallic and displays the well-known line
T temperature dependence, whilerc exhibits “insulating”
(drydT , 0) behavior [1]. This contrasting behavior b
tweenrab andrc has been cited as evidence of an unus
non-Fermi-liquid ground state in the high-Tc cuprates [6].
Whether or not this contrasting behavior generally exte
to low temperatures is an open issue.

A standard technique to extend normal-state meas
ments to lower temperatures is to suppress super
ductivity by chemical substitution [7–9]. The resultin
increased disorder tends to increase the normal-state r
tivity and offers an opportunity to study localization [1
In an ordinary metal, as disorder is increased, insula
behavior is expected once the mean free path, between
scattering events becomes shorter than the waveleng
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an electron at the Fermi energy, i.e., oncekF, , 1, where
kF is the Fermi wave vector [10]. In a free electron mod
for a layered two-dimensional (2D) material, the mag
tude ofrab directly giveskF, ­ hcoyrabe2, whereco is
the interlayer distance (6.5 Å in LSCO).

In the underdoped high-Tc cuprates, chemical subst
titution (for example, doping Zn onto the Cu site) su
presses superconductivity and induces a crossover f
superconducting to insulating behavior. The obser
crossover is similar to that of conventional 2D superco
ductors: it occurs atrab corresponding to,hy4e2 per
CuO layer (kF, , 4) [1,8,9]. This suggests that Coope
pair localization [11] underlies the disorder-induced ins
lating behavior in underdoped high-Tc cuprates.

Because we want to study the low-temperature evo
tion of rab and rc in samples without deliberate chem
cal substitution to suppress superconductivity, we utiliz
61–T pulsed magnet [12]. We study LSCO because sin
crystal samples are available over a wide range of dop
and because 61-T magnetic fields can suppress supe
ductivity to very low temperatures in LSCO even near o
timum doping. The inset of Fig. 1 shows the measu
Tc (midpoint) versus nominal Sr concentration of t
single crystals studied, with the superconducting transit
width indicated by the vertical bars. The samples w
Sr concentrationsx ­ 0.08, 0.13, 0.17, 0.18, and 0.2
were grown by the Kishio group [13], while those wi
x ­ 0.12 and 0.15 were grown by the Uchida group [2
The crystallographic axes are determined and the sam
are cut into platelets (typically2.5 3 1.5 3 0.5 mm3) for
standard four-terminal resistivity measurements of eit
rab or rc. The temperature dependence of the zero-fi
resistivity is measured using a lock-in amplifier driven
17 Hz (solid lines in Figs. 1 and 2).

For each magnetic-field pulse, the sample tempera
is stabilized at a desired temperature within the exp
mental range of 0.65 to 200 K. The current dens
© 1996 The American Physical Society 5417
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FIG. 1. Inset gives theTc (midpoint) versus Sr concentration
x, for the La22xSrxCuO4 single crystals studied. The size o
the circles gives the typical superconducting transition wi
(90%–10%), where vertical bars indicate broader transitio
(a) rab for five samples of differentx. The lines/symbols
are 0 T/60 T data forx ­ 0.08 (circles), 0.12 (diamonds)
0.15 (down triangles), 0.17 (up triangles), and 0.22 (squar
(b) close-up of the insulator-to-metal crossover atx . 0.16 and
apparentkFl , 13; (c) raw rab versusH traces for thex ­
0.15 sample, showing clear insulating behavior atH ­ 60 T
for T , 30 K.

(typically 1.5 Aycm2) is kept within the ohmic range
of the normal-state resistivities. The magnetic fieldH
is applied along thec-axis to most effectively suppres
superconductivity, and the isothermalrsHd is recorded
by a transient digitizer monitoring the fast (10ms) output
of a lock-in amplifier driven at,120 kHz. Despite
the transient nature of the magnetic field, the samp
are sufficiently small that the data are not advers
affected by eddy-current heating during the relatively lo
,100 ms magnetic-field pulse.

To determine the temperature dependence of
normal-state resistivity belowTc, each sample is subjec
to a series of (typically twenty) 61-T magnetic-fie
pulses at different temperatures. The symbols in Fig
and 2 represent therab and rc measured at 60 T. Fo
most of the samples studied, the magnetoresistance o
normal state is small on the scale of Figs. 1 and 2,
evidenced by the general accord between the zero-
and 60-T data well aboveTc. The scatter in the 60-T
5418
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FIG. 2. rc for five samples of differentx. The lines/symbols
are 0 T/60 T data forx ­ 0.12 (circles), 0.13 (diamonds), 0.15
(down triangles), 0.17 (up triangles), and 0.22 (squares).
x ­ 0.13 data are from Ref. [16]. The inset shows the low
temperature saturation of the anisotropy ratio.

data [particularly evident in Fig. 1(b)] results from th
(few mV) noise in the pulsed-magnetic-field environmen
Despite these uncertainties, the rawrabsHd data for
x ­ 0.15 [Fig. 1(c)] clearly show insulating behavior in
the normal state forT , 30 K, whereas thex ­ 0.17
data appear to saturate at a finite conductivity. For ma
samples near optimum doping (x . 0.16), even 61–T is
unable to completely suppress superconductivity and
onset of the superconducting transition is visible at t
lowest temperatures in Figs. 1 and 2.

There are several striking features in the data of Fig
The first is that all samples exhibit metallic behavi
aboveTc in zero magnetic field and yetevery oneof the
underdoped samples exhibits insulating behavior once
perconductivity is suppressed. Second, the IM crosso
in rab [expanded view in Fig. 1(b)] occurs betweenx ­
0.15 and 0.17, very near the Sr concentration correspo
ing to optimumTc. In every underdoped sample, exce
at x ­ 0.12 [14], both rab and rc show no evidence of
saturation at low temperatures and diverge as the lo
rithm of the temperature [16]. This suggests an unus
insulating ground state in LSCOwhich extends up to op
timum doping.

Figure 2 containsrcsT d data which show that the
IM crossover inrc occurs betweenx ­ 0.15 and 0.17,
just as inrab. In every LSCO sample studied, the lo
temperaturerab andrc are either both insulating or both
metallic, despite the contrasting behavior which is oft
observed aboveTc. There is further evidence that th
low-temperaturerab and rc are related; the anisotrop
ratio rcyrab saturates at low temperatures forall Sr
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concentrations, independent of whether the normal-s
resistivities exhibit insulating or metallic behavior. Th
is represented by the data in the inset of Fig. 2
x ­ 0.08 and 0.22, which are consistent with previo
data [16] on underdoped, insulating LSCO.

The discussion has focused on the evolution of
normal-state resistivity with increasing carrier concent
tion: rab , rc, and the anisotropy ratio all decrease, wh
rab and rc both undergo an IM crossover. Ordinaril
increasing Sr doping should increase not only carrier c
centration but also the disorder in the samples. Exp
mentally, the rapidly decreasing resistivity with Sr dopi
suggests, however, that the effects of increasing the
rier concentration dominate. It is interesting to note th
insulating behavior is observed in samples with very l
rab , corresponding tokF, apparently as large as 13
using the free electron model discussed previously (ar
in Fig. 1). Such large values ofkF, would ordinarily ac-
company metallic behavior. It might be the case that
intense magnetic field is inducing the insulating behav
(the magnetic length is only 33 Å at 60 T); however, t
small normal state magnetoresistance suggests rathe
the magnetic field is “unveiling” the intrinsic normal sta
behavior [16]. Insulating behavior in samples withkF,
as large as 13 would suggest that the effects of diso
are enhanced in LSCO, consistent with a general pre
tion for non-Fermi liquids that arbitrarily small disorde
will lead to insulating behavior in bothrab and rc [17].
One could argue that our estimation ofkF, is incorrect;
however, the free electron 2D formula is the most ob
ous simple model available for estimatingkF,, given the
large magnitude of the anisotropy ratio in LSCO.

Figure 3 summarizes the low-temperature behavior
all samples studied as a function of Sr concentration.

FIG. 3. Schematic diagram of the behavior of the norm
state resistivity in the absence of superconductivity versus
concentration. The dashed line givesTcsxd in zero magnetic
field. An insulator-to-metal crossover occurs inboth rab and
rc near optimum doping at low temperatures.
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(I) The IM crossover occurs in all three directions,
that bothrab and rc exhibit the same low-temperatur
behavior for all Sr concentrations studied. Thus,
least in LSCO [18], the famous contrasting behavi
of linear-T rab and insulatingrc does not persist to
low temperatures in the absence of superconductiv
The contrasting behavior has been cited as evide
of quasiparticle confinement in a 2D Luttinger liqui
[20]. In this picture, the observed insulatingrab ~ rc

could result from residual disorder in the underdop
samples [21].

(II) The low-temperature insulating behavior in th
normal state is unusual, as it occurs only in underdop
samples. Although these samples are superconduc
in zero magnetic field, we believe that this insulatin
behavior is not due to Cooper pair localization [8,9
because Cooper pair localization would not exist abo
Hc2 [22]. We note that Refs. [8,9] study the disorde
driven superconductor-to-insulator transition, which is n
directly related to the carrier-concentration-driven I
transition which we report here.

Feature (I) is reminiscent of behavior reported for N
substituted LSCO [23]. In La1.62xNd0.4SrxCuO4, the Nd
substitution induces a low-temperature structural ph
transition to a tetragonal phase which is similar to th
reported nearx ­ 1y8 in La22xBaxC4. In this low-
temperature phase, bothrab and rc are insulating, even
in overdoped samples with apparentkF, as large as 24.
Near x ­ 1y8 in La1.62xNd0.4SrxCuO4, charge and spin
ordering has been observed [15]. It is possible that cha
ordering could underlie the unusual insulating behav
which we observe inall underdoped LSCO samples.

We note also that an as-yet unexplained, logarithm
cally divergent resistivity has been observed in granu
films of NbN, a conventional superconductor [24]. Give
the possibility of phase segregation in the LSCO syste
there might be a link between the unusual insulating b
havior in LSCO and that in granular NbN films; howeve
this would seem to require phase segregation through
and only in the underdoped regime of LSCO.

Finally, features (I) and (II) together suggest that t
low-temperature normal-state IM crossover in LSCO
linked to the superconducting phase, since it occurs
nearly the same carrier concentration as optimumTc.
This IM crossover in LSCO joins a growing list o
crossover behaviors which occur in the normal state n
optimum doping: in NMR [25], neutron scattering [26
optical conductivity [2728], specific heat [29], thermo
electric power [30], susceptibility [31], resistivity [31,32]
the Hall coefficient [33], and photoemission [34]. Man
phenomena which are unique to underdoped samples h
been linked to the pseudogap, a suppression in the e
tation spectrum of the normal state aboveTc, although
there is ongoing debate whether single-layer mater
(such as LSCO) show a pseudogap at all. Certain
experimental evidence for the pseudogap is stronger
5419



VOLUME 77, NUMBER 27 P H Y S I C A L R E V I E W L E T T E R S 30 DECEMBER 1996

e
b
u
r

p

e

ld
-

-
in

tr

d

,
,

i,

tt

,

s

v.

s

,

-

v

t

a,

nd

g,

ev.

. G.

,
n-

.

,
n-

es,
ica

g,
g,

.

,

.

.

,

rk,
r,
v.
double-layer materials and theoretical arguments sugg
that a gap in the spin excitation spectrum can only
formed in double-layer systems [35]. We also point o
that the onset of the pseudogap occurs at temperatu
well aboveTc and results in adecreasein rab [31,32].
Thus, the link, if any, between the pseudogap and the
culiar insulating behavior is not immediately obvious.

In conclusion, we have studied the evolution of th
low-temperaturerab andrc with carrier concentration in
LSCO with the assistance of a 61-T pulsed magnetic fie
Both rab andrc cross from insulating to metallic behav
ior near the Sr concentrationx . 0.16 corresponding to
optimumTc. Low-temperature insulating behavior is ob
served in all underdoped samples, even in those exhibit
apparently largekF, and rab which depends linearly on
temperature for allT . Tc.
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