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Insulator-to-Metal Crossover in the Normal State of Laj—,Sr,CuO4 Near Optimum Doping
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A 61-T pulsed magnetic field suppresses superconductivity i ISx,CuQO, single crystals and
reveals an insulator-to-metal (IM) crossover for both in-plane resistpjtyand c-axis resistivityp,. at
a Sr concentration near optimum doping= 0.16). The IM transition is unusual in thaill underdoped
samples £ < 0.16) show low-temperature insulating behavior, even in samples with lifieay; above
T. and apparently largér/. [S0031-9007(96)01773-5]

PACS numbers: 74.25.Dw, 74.25.Fy, 74.72.Dn

The anisotropic normal-state resistivity of the high-an electron at the Fermi energy, i.e., oikgd < 1, where
temperature superconducting cuprates exhibits a peculidi- is the Fermi wave vector [10]. In a free electron model
evolution as the carrier concentration is increased througfor a layered two-dimensional (2D) material, the magni-
the superconducting phase [1,2]. As the carrier concertude ofp,;, directly giveskz€ = hc,/pape?, Wherec, is
tration is increased from the undoped insulator, by Sthe interlayer distance (6.5 A in LSCO).
doping in the case of La,Sr,CuQ, (LSCO), the in- In the underdoped high; cuprates, chemical substi-
sulating phase (“I" in the inset of Fig. 1) gives way titution (for example, doping Zn onto the Cu site) sup-
to superconductivity (SC). If the cuprate is sufficiently presses superconductivity and induces a crossover from
overdoped that superconductivity is destroyed, both theuperconducting to insulating behavior. The observed
in-plane resistivityp,, and c-axis resistivity p. exhibit  crossover is similar to that of conventional 2D supercon-
“metallic” (dp/dT > 0) behavior down to the lowest ex- ductors: it occurs ap,, corresponding to~#4/4e per
perimental temperatures and share some of the properti€uO layer k¢ ~ 4) [1,8,9]. This suggests that Cooper
of an anisotropic three-dimensional Fermi liquid [1-5]. pair localization [11] underlies the disorder-induced insu-
However, the low-temperature limiting behavior of the lating behavior in underdoped high- cuprates.
crossover from insulator-to-metal (IM) is hidden by the Because we want to study the low-temperature evolu-
existence of the superconducting phase. tion of p,, and p. in samples without deliberate chemi-

Our goal is to study this IM crossover in the low- cal substitution to suppress superconductivity, we utilize a
temperature normal-state resistivity as a function of car61-T pulsed magnet [12]. We study LSCO because single
rier concentration in the absence of superconductivitycrystal samples are available over a wide range of doping
Existing data on LSCO abov@&. suggest that increas- and because 61-T magnetic fields can suppress supercon-
ing carrier concentration driveg,, metallic beforep.  ductivity to very low temperatures in LSCO even near op-
[2,3]. In general, near optimum doping:,, in the timum doping. The inset of Fig. 1 shows the measured
cuprates is metallic and displays the well-known linear-T. (midpoint) versus nominal Sr concentration of the
T temperature dependence, whilg exhibits “insulating”  single crystals studied, with the superconducting transition
(dp/dT < 0) behavior [1]. This contrasting behavior be- width indicated by the vertical bars. The samples with
tweenp,;, andp. has been cited as evidence of an unusuabr concentrations: = 0.08, 0.13, 0.17, 0.18, and 0.22
non-Fermi-liquid ground state in the high-cuprates [6]. were grown by the Kishio group [13], while those with
Whether or not this contrasting behavior generally extends = 0.12 and 0.15 were grown by the Uchida group [2].
to low temperatures is an open issue. The crystallographic axes are determined and the samples

A standard technique to extend normal-state measuree cut into platelets (typicallg.5 X 1.5 X 0.5 mm?) for
ments to lower temperatures is to suppress supercomstandard four-terminal resistivity measurements of either
ductivity by chemical substitution [7—9]. The resulting p., or p.. The temperature dependence of the zero-field
increased disorder tends to increase the normal-state resigsistivity is measured using a lock-in amplifier driven at
tivity and offers an opportunity to study localization [1]. 17 Hz (solid lines in Figs. 1 and 2).

In an ordinary metal, as disorder is increased, insulating For each magnetic-field pulse, the sample temperature
behavior is expected once the mean free gatletween is stabilized at a desired temperature within the experi-
scattering events becomes shorter than the wavelength ofental range of 0.65 to 200 K. The current density
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data [particularly evident in Fig. 1(b)] results from the
FIG. 1. Inset gives thd. (midpoint) versus Sr concentration, (few wV) noise in the pulsed-magnetic-field environment.
e e pesios gnDeSPIe_these uncertanties, the ram (1) data fo
(90%—10%)(‘? where vgr?ical baPs indicate b?oader transitions® — 0.15 [Fig. 1(c)] clearly show insulating behavior in
(a) pay for five samples of differentc. The lines/symbols the normal state foff’ < 30 K, whereas thex = 0.17
are 0 T/60 T data forxr = 0.08 (circles), 0.12 (diamonds), data appear to saturate at a finite conductivity. For many
0.15 (down triangles), 0.17 (up triangles), and 0.22 (squareskamples near optimum doping & 0.16), even 61-T is
ggp‘;?g&”? cftlhf '(”Sur';‘\t/e;to'Tg:g&ggstfgggg a{f) roiﬁ?axarf unable to completely suppress superconductivity and the
015 sam&e’ shoWing clearaihnsulating behavior 7at= 60 T onset of the supercqndu_ctlng transition is visible at the
for T < 30 K. lowest temperatures in Figs. 1 and 2.
There are several striking features in the data of Fig. 1.
The first is that all samples exhibit metallic behavior
(typically 1.5 A/cn?) is kept within the ohmic range aboveT, in zero magnetic field and ye&very oneof the
of the normal-state resistivities. The magnetic fiégld underdoped samples exhibits insulating behavior once su-
is applied along thec-axis to most effectively suppress perconductivity is suppressed. Second, the IM crossover
superconductivity, and the isothermalH) is recorded in p,, [expanded view in Fig. 1(b)] occurs between=
by a transient digitizer monitoring the fast (&) output  0.15 and 0.17, very near the Sr concentration correspond-
of a lock-in amplifier driven at~120 kHz. Despite ing to optimumT7,. In every underdoped sample, except
the transient nature of the magnetic field, the sampleat x = 0.12 [14], both p,, and p. show no evidence of
are sufficiently small that the data are not adverselysaturation at low temperatures and diverge as the loga-
affected by eddy-current heating during the relatively longrithm of the temperature [16]. This suggests an unusual
~100 ms magnetic-field pulse. insulating ground state in LSC@hich extends up to op-
To determine the temperature dependence of thémum doping.
normal-state resistivity below., each sample is subject Figure 2 containsp.(T) data which show that the
to a series of (typically twenty) 61-T magnetic-field IM crossover inp. occurs betweenr = 0.15 and 0.17,
pulses at different temperatures. The symbols in Figs. just as inp,,. In every LSCO sample studied, the low
and 2 represent thg,, and p. measured at 60 T. For temperaturep,, andp. are either both insulating or both
most of the samples studied, the magnetoresistance of timetallic, despite the contrasting behavior which is often
normal state is small on the scale of Figs. 1 and 2, asbserved abovd'.. There is further evidence that the
evidenced by the general accord between the zero-fieldw-temperaturep,, and p. are related; the anisotropy
and 60-T data well abov&,. The scatter in the 60-T ratio p./p., Saturates at low temperatures fall Sr
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concentrations, independent of whether the normal-state (I) The IM crossover occurs in all three directions, in
resistivities exhibit insulating or metallic behavior. This that bothp,, and p. exhibit the same low-temperature
is represented by the data in the inset of Fig. 2 forbehavior for all Sr concentrations studied. Thus, at
x = 0.08 and 0.22, which are consistent with previousleast in LSCO [18], the famous contrasting behavior
data [16] on underdoped, insulating LSCO. of linearT p,, and insulatingp,. does not persist to

The discussion has focused on the evolution of thdow temperatures in the absence of superconductivity.
normal-state resistivity with increasing carrier concentra-The contrasting behavior has been cited as evidence
tion: p.», pc, and the anisotropy ratio all decrease, whileof quasiparticle confinement in a 2D Luttinger liquid
pap» and p,. both undergo an IM crossover. Ordinarily, [20]. In this picture, the observed insulating,, < p.
increasing Sr doping should increase not only carrier coneould result from residual disorder in the underdoped
centration but also the disorder in the samples. Experisamples [21].
mentally, the rapidly decreasing resistivity with Sr doping (Il) The low-temperature insulating behavior in the
suggests, however, that the effects of increasing the canormal state is unusual, as it occurs only in underdoped
rier concentration dominate. It is interesting to note thasamples. Although these samples are superconducting
insulating behavior is observed in samples with very lowin zero magnetic field, we believe that this insulating
pab, corresponding tokg€ apparently as large as 13, behavior is not due to Cooper pair localization [8,9],
using the free electron model discussed previously (arrowecause Cooper pair localization would not exist above
in Fig. 1). Such large values @f-¢ would ordinarily ac- H., [22]. We note that Refs. [8,9] study the disorder-
company metallic behavior. It might be the case that thelriven superconductor-to-insulator transition, which is not
intense magnetic field is inducing the insulating behaviodirectly related to the carrier-concentration-driven IM
(the magnetic length is only 33 A at 60 T); however, thetransition which we report here.
small normal state magnetoresistance suggests rather that~eature (l) is reminiscent of behavior reported for Nd-
the magnetic field is “unveiling” the intrinsic normal state substituted LSCO [23]. In Lg-,Ndy4Sr,CuQ,, the Nd
behavior [16]. Insulating behavior in samples with¢  substitution induces a low-temperature structural phase
as large as 13 would suggest that the effects of disorddransition to a tetragonal phase which is similar to that
are enhanced in LSCO, consistent with a general prediaeported nearx = 1/8 in La,—,Ba,C4. In this low-
tion for non-Fermi liquids that arbitrarily small disorder temperature phase, bogh,;, and p. are insulating, even
will lead to insulating behavior in botp,, andp. [17].  in overdoped samples with appardnt( as large as 24.
One could argue that our estimation igff is incorrect; Nearx = 1/8 in Laj ¢—,Ndy4Sr,CuQy, charge and spin
however, the free electron 2D formula is the most obvi-ordering has been observed [15]. It is possible that charge
ous simple model available for estimatihgf, given the ordering could underlie the unusual insulating behavior
large magnitude of the anisotropy ratio in LSCO. which we observe imll underdoped LSCO samples.

Figure 3 summarizes the low-temperature behavior of We note also that an as-yet unexplained, logarithmi-
all samples studied as a function of Sr concentration.  cally divergent resistivity has been observed in granular
films of NbN, a conventional superconductor [24]. Given
the possibility of phase segregation in the LSCO system,
there might be a link between the unusual insulating be-

FIG. 3. Schematic diagram of the behavior of the normals
state resistivity in the absence of superconductivity versus
concentration. The dashed line givEs(x) in zero magnetic
field. An insulator-to-metal crossover occurshoth p,, and

Sr CONCENTRATION, x

p. near optimum doping at low temperatures.

S,

METALLIC" p La Sr CuO havior in LSCO and that in granular NbN films; however,
and * 2x x 4 this would seem to require phase segregation throughout
3 401 i and only in the underdoped regime of LSCO.
=~ N Finally, features (I) and (Il) together suggest that the
& . low-temperature normal-state IM crossover in LSCO is
E "METALL;G" linked to the superconducting phasg, since it occurs at
< 0l ) p_and'p | nearly the same carrier concentration as optimfim
5 "INSULATING" ab \ ¢ This IM crossover in LSCO joins a growing list of
a o arid p (dp/dt:>0) crossover behaviors which occur in the normal state near
w ab . e ' optimum doping: in NMR [25], neutron scattering [26],
= (df’/d' <0) optical conductivity [2728], specific heat [29], thermo-
0 ; . . : electric power [30], susceptibility [31], resistivity [31,32],
0.0 0.1 0.2 0.3 the Hall coefficient [33], and photoemission [34]. Many

phenomena which are unique to underdoped samples have
been linked to the pseudogap, a suppression in the exci-
ation spectrum of the normal state abalig although
there is ongoing debate whether single-layer materials
(such as LSCO) show a pseudogap at all. Certainly,
experimental evidence for the pseudogap is stronger for
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double-layer materials and theoretical arguments suggest 7. and bothp,, and p. tend to saturate at the lowest
that a gap in the spin excitation spectrum can only be  temperatures.
formed in double-layer systems [35]. We also point out[15] J.M. Tranquada, J.D. Axe, N. Ichikawa, Y. Nakamura,
that the onset of the pseudogap occurs at temperatures S- Uchida, and B. Nachumi, Phys. Rev58, 7489 (1996),
well aboveT, and results in alecreasen p,, [31,32]. 116 indArﬁéiregc%s tgireet;?ﬁger A Passner. T. Kimura. and
T ek of o, oetueen i peudogap o he %) K, Py, v Lot 02 (1999

. . . : [17] G. Kotliar and C. M. Varma, Physica (Amsterdad§7A,

In conclusion, we have studied the evolution of the 288 (1990).

low-temperaturep,;, and p. with carrier concentration in (18] Recent measurements on ,8r,La,Cu0, [19] have
LSCO with the assistance of a 61-T pulsed magnetic field. ~ found that the contrasting behavior (metallig,, and
Both p,, andp. cross from insulating to metallic behav- insulating p.) can persist down t@ = 0.65 K (T/T. ~
ior near the Sr concentration = 0.16 corresponding to 0.05).
optimum7,. Low-temperature insulating behavior is ob- [19] Y. Ando, G.S. Boebinger, A. Passner, N.L. Wang,
served in all underdoped samples, even in those exhibiting C. Geibel, and F. Steglich, Phys. Rev. Leftz, 2065

apparently largecr€¢ and p,, which depends linearly on (1996).
temperature for alf’ > T.. [20] D.G. Clarke, S.P. Strong, and P. W. Anderson, Phys. Rev.

Lett. 74, 4499 (1995), and private communication.
[21] P.W. Anderson, T.V. Ramakrishnan, S. Strong, and D. G.
Clarke (to be published).
[22] For a review, see A.F. Hebard, i&trongly Correlated
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