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Magnetic-Field Induced Superconductor-Insulator Transition in the La—,Sr,CuQ4 System
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The magnetoresistance of underdoped-L.&r.CuO films with x = 0.048 and 0.051 is studied
in magnetic fields up to 8.5 T and at temperatures down to 30 mK. The results indicate that
the magnetic-field induced superconductor-insulator (SI) transition is qualitatively different from the
reentrant transition described for indium oxide and interpreted as leading to a “bosonic insulator” phase.
The ground state in the absence of superconductivity appears to be insulating. The transitions become
narrower below 1 K and show that the resistive critical field diverges approaching zero temperature, as
has also been observed in other highsystems. [S0031-9007(96)01344-0]

PACS numbers: 74.72.Dn, 74.25.Fy, 74.60.Ec, 74.76.Bz

We report measurements of 1.aSr,CuQ; (LSCO) The LSCO specimens were grown from ceramic
with values ofx of 0.048 and 0.051, superconducting buttargets by pulsed-laser deposition. They arexis
strongly underdoped, and very close to the metal-insulatapriented, with thicknesses between 5000 and 9000 A,
(MI) transition. The observations show an upper-critical-deposited on substrates of crystalline SrLajl@hich is
field anomaly, i.e., an increase of the resistive uppeisostructural with LSCO, with a lattice mismatch of 0.5%
critical field asT goes toward zero, down to the lowest between substrate and film [11]. The samples were
temperature of our experiment. A similar variation haspatterned by photolithography, and silver contacts were
been reported in other, quite different high-materials then evaporated. The zero-resistance superconducting
[1-3]. The experiment also shows that the suppressiotransition temperatur&. and the zero-field resistivityg ,;
of superconductivity by the magnetic field leads to themeasured at 40 K are shown in the inset of Fig. 1 for
insulating state, without, however, any sign of reentranfilms with various values of. It may be seen thaf.
behavior, or of a critical field at which the resistancedrops to zero and the resistivity increases dramatically
becomes temperature independent, as observed in indiunear x = 0.05, i.e., at the MI transition. The values
oxide [4] and attributed to the transition to a “bosonic-of T. near optimal doping are lower than for bulk
insulator” phase [5].

Other studies of field-induced superconductor-insulator
(SI) transitions have been made primarily for strongly dis- 400
ordered systems [4,6—8] in contrast to those reported here,
which are on highly ordered quasi-single-crystal films.

There were two previous reports of field-induced SI tran-

sitions in perovskite systems, on strongly deoxygenated 300
YBa,Cu;0,-, [9] and on Nd-,Ce,CuQ, [10]. How-
ever, only one specimen was measured in the first case,
and the measurements were restricted to the region above
1.7 K'in the second. These experiments were interpreted
as leading to the bosonic-insulator phase. In this respect
our results are different, indicating that the transition leads
to the normal (fermionic) insulating phase. 100

One of the obstacles to measurements of the critical
field in high-T,. superconductors is that the high transition
temperature is accompanied by a very high critical field,
up to the megagauss range. In addition, a broadening of
the transition is generally observed in a magnetic field.
In the present specimens the close proximity to the Mi
transition cause$,. to be strongly reduced, and as a resultFIG. 1. The temperature dependence @f, of sample F1
the upper critical field becomes accessible in relativelyk'll"th x = 0.048, with the field perpendicular to the-b plane.

; - : . he fields are, from below, 0, 1.7, 2.0, 2.2, 2.3, 2.4, 2.6, 2.7,
small fields. Furthermore, the transitions in our specimen g 5 g9 “and 3.0 T. The inset shows, and p,, at 40 K and

with x = 0.051 are quite sharp, and become even sharpefero field, for LSCO films with various values of The lines
as the temperature is lowered below 1 K. are guides to the eye.
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samples because of the oxygen deficiency that we hav@st observed in indium oxide [4]. Moreover, down to the
previously described [12]. We describe measurement®west temperature of our measuremeffitss 30 mK, we
on two films, F1, withx = 0.048, T, = 450 mK, and do not observe a critical field at whigh(T) becomes in-
pap (@40 K) = 8 mQlcm, and F2, with x = 0.051, dependent of", although this possibility cannot be com-
T. = 4 K, andp,, (at40 K) = 3.5 mQ cm. pletely ruled out at still lowef.

Four-point low-frequency ac measurements were made Figure 3 shows the temperature dependencep of
with currents of the order of 1 nA, adjusted to maintainplotted as log,, againstZT~/* for film F1. The figure
the Ohmic response of the specimens. The samples weshows that the data follow straight lines from 4 to 6 T,
mounted in a dilution refrigerator where they were cooledndicative of Mott hopping. (The data are also consistent
down to 30 mK. Magnetic fields up to 8.5 T were with the exponent; which would be expected in a 2D
applied both perpendicular and parallel to thé plane. system.) We conclude that the straight lines on this graph
We discuss only the measurements in the perpendiculaeflect the true insulating character of the normal state
configuration, for which the magnetic field has a strongof this specimen. The deviations at lower fields may be
effect on the superconducting transition. attributed to superconducting fluctuations. If we assume

Logarithmic plots of the resistive transitions of the two that these fluctuations are suppressed at fields of 4 T and

films in the presence of magnetic fields are shown irhigher, then the figure shows that the magnetoresistance
Figs. 1 and 2. Small magnetic fields cause a broaderis positive.

ing of the transition and decrease the zero-resistance tem-It may be seen in the inset to Fig. 3 that this same
peratures. As the magnetic field increases, a pronounceghecimen that shows hopping behavior at low tempera-
maximum appears, and shifts to lower temperatures witfures exhibits a linear dependence @f, on T above
increasing field. For sample F1 the maximum move00 K.

below the lowest measurable temperature at a field of The temperature dependence of the normal state of film
2.8 T. At higher fields the resistivity shows no signsF2 (Fig. 2) is more difficult to assess because supercon-
of superconductivity and increases steeply as the tenductivity is not completely suppressed at any field. The
perature is lowered, suggesting that the field induces awo curves at the highest fields, 8 and 8.5 T, are quite
superconductor-insulator transition. For sample F2 thelose to each other to the right of the maximum, indicat-
maximum field that we apply is too weak to suppressing that they are in or close to the normal state. At these
superconductivity completely. However, the field causesields theT dependence is somewhat faster than logarith-
qualitatively similar changes in the resistance, with a morenic down to about 700 mK, leading us to conclude that
pronounced maximum and a relatively sharp drop of thén the absence of superconductivity the ground state is
resistance on the low-side of the maximum. We note insulating in this specimen also. A logarithmic depen-
that none of the superconducting transitions shown imlence down to low temperatures would be quite unusual,
Figs. 1 and 2 shows any sign of the reentrant behavioglthough the theory of weak localization in 2D systems
predicts a logarithmic temperature dependence of the
conductivity [13]. Our result may be compared to that
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FIG. 2. The temperature dependencepqf, for sample F2, FIG. 3. Logpa, as a function off ~'/* for film F1 in fields
with x = 0.051, in perpendicular fields. The fields are, from of 2.4, 3, 4, 5, and 6 T. The straight lines are fits to the points,
below, 0, 1, 3, 4, 5, 6, 7, 8, 85 T. The lines are guides tothe broken lines are guides to the eye. The inset showsas
the eye. a function of T up to 300 K for the same film.
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of Ando et al.,, who measured the resistance of single 12— . . r T
crystals of LSCO withx = 0.08 and x = 0.13 at tem- B
peratures down to 0.7 K and fields up to 60 T [14], and '
concluded that the resistivity is proportional talIiT),

in both thea-b plane and along the axis, so that a the-
ory that applies only to 2D systems would seem not to be
applicable. The fact that the observed dependenck of
on T is faster than logarithmic suggests that it represents
a crossover region to a low-temperature hopping regime
as in specimen F1. We note that the hopping behavior of
film F1 is observed at temperatures well below 1 K. This
low-temperature insulating regime was not accessible us- 0 05 10 15 20 25 30
ing available fields in film F2, nor in the measurements TIK]

conducted by Andet al. FIG. 4. The resistive critical fieldd* versus temperature for

We also note that there is a distinct difference in theSample F2. The values df* were chosen at the points where

behavior of these two specimens from that previouslyhe resistivity is 10% §), 20% ), and 50% 6) below the
observed in LSCO with impurities substituted at theresistivity maximum. The curves are the melting lines as
copper site [15]. In that case the conductivity extrapolatesalculated from Ref. [23], withH(0) and T* parameters for
to a finite value a§’ goes to zero, indicating the existence the three curves, from below, 11.9T and 2.7 K, 129 T and
of a metallic nonsuperconducting phase. Our preserﬁ'95 K, 12.95T and 3.6 K.
results show that no such phase seems to exist when the
carrier concentration is changed by altering the La-Sr ration some ternary rare-earth compounds [17]. On the
rather than by substitutions in the copper-oxide plane. other hand, it is also possible that the origin of the
We now turn our attention to the temperature depenanomaly is the same as in the overdoped compounds.
dence of the upper critical field{.,(T). Figure 2 shows a Several theoretical interpretations have been proposed.
sharpening of the superconducting transitions as the ten#lexandrov et al. considered the Bose condensation of
perature is lowered below 1 K. This effect was not ob-bipolarons partly localized in a random potential [18].
served in previous studies of the LSCO system, whictOur attempt to fit the formula foH,(T) predicted by
were made at higher temperatures [16] so that we tentahis theory to the experimental data leads to the rather
tively associate the sharpening with the presence of loviigh value of 300 A for the zero-temperature coherence
temperatures rather than high magnetic fields. This maiength &;, and to the value of 21 K foff., which is
be because the broadening of the superconducting tramuch higher than the observed value. There are several
sition in magnetic fields is caused by flux-flow effects,other theoretical models in whicli/*(7) is identified
which are reduced or eliminated at the lowest temperawith H.,(T'), including the models which link the upward
tures. The narrowing allows us to attempt to determinecurvature of H., to a temperature-dependent effective
the dependence @f., on T from the resistance data. As mass [19], to the properties of the normal state [20], or to
an approximation to the true critical field we choose thestrong fluctuation effects [21]. Most of these theories are
field H* at which the resistivity is 10% below its maxi- capable of reproducing the upward curvatureth(7),
mum value. Figure 4 shows™ as defined in this way as but the fits to the experimental data are usually limited to
a function of temperature. To assess the influence of tha narrow temperature region.
width of the transition or#*(T) we also show the fields There are also theories which link the anomaly of the
at which the resistivity is 20% and 50% below the maxi-observedH*(T') curve with the melting of the vortex lat-
mum. Below 1 K, where the transitions are sharper, theice, either in two dimensions [22] or in three dimensions
scatter is quite small, and the 10%, 20%, and 50% pointf23]. The broadening of the superconducting transition
are close to each other. We see the upward curvature @fhich we observe at temperatures above 1 K suggests
H*(T) down to our lowest temperature of ab@u®077,, that vortex motion may indeed influence the behavior of
similar to that previously observed in two overdoped, andhe resistive transition. We therefore compare our experi-
one underdoped high: systems [1-3]. mental results with the model of Kotliar and Varma [23]
The observation of a similar variation of the critical who identify H* with the melting line of the Abrikosov
field in the underdoped and overdoped systems does niittice, and propose to explain the anomaly by the ex-
necessarily mean that the origin of this effect is theistence of a zero-temperature quantum critical point.
same on both sides of the phase diagram. In the cag&ccording to this model the melting line is described by
of the heavily underdoped specimens that we investigatél,,(T)/H.»(0) = 1 — (T'/T*)*/*, where H,, is the field
there is the possibility that the carriers are influenced byt the melting line, and the characteristic temperaftire
magnetic ordering at low temperatures. Such couplings related to the Ginzburg parameterand to the masses
is known to result in unconventional behavior &f, in the Landau-Ginzburg HamiltoniaW and M, by the

HC[T]
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