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Magnetic-Field Induced Superconductor-Insulator Transition in the La22xSrxCuO4 System
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The magnetoresistance of underdoped La22xSrxCuO 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 high-Tc systems. [S0031-9007(96)01344-0]

PACS numbers: 74.72.Dn, 74.25.Fy, 74.60.Ec, 74.76.Bz
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We report measurements of La22xSrxCuO4 (LSCO)
with values ofx of 0.048 and 0.051, superconducting b
strongly underdoped, and very close to the metal-insul
(MI) transition. The observations show an upper-critic
field anomaly, i.e., an increase of the resistive up
critical field asT goes toward zero, down to the lowe
temperature of our experiment. A similar variation h
been reported in other, quite different high-Tc materials
[1–3]. The experiment also shows that the suppres
of superconductivity by the magnetic field leads to
insulating state, without, however, any sign of reentr
behavior, or of a critical field at which the resistan
becomes temperature independent, as observed in in
oxide [4] and attributed to the transition to a “boson
insulator” phase [5].

Other studies of field-induced superconductor-insula
(SI) transitions have been made primarily for strongly d
ordered systems [4,6–8] in contrast to those reported h
which are on highly ordered quasi-single-crystal film
There were two previous reports of field-induced SI tr
sitions in perovskite systems, on strongly deoxygena
YBa2Cu3O72x [9] and on Nd22xCexCuO4 [10]. How-
ever, only one specimen was measured in the first c
and the measurements were restricted to the region a
1.7 K in the second. These experiments were interpr
as leading to the bosonic-insulator phase. In this res
our results are different, indicating that the transition le
to the normal (fermionic) insulating phase.

One of the obstacles to measurements of the crit
field in high-Tc superconductors is that the high transiti
temperature is accompanied by a very high critical fie
up to the megagauss range. In addition, a broadenin
the transition is generally observed in a magnetic fie
In the present specimens the close proximity to the
transition causesTc to be strongly reduced, and as a res
the upper critical field becomes accessible in relativ
small fields. Furthermore, the transitions in our specim
with x  0.051 are quite sharp, and become even shar
as the temperature is lowered below 1 K.
0031-9007y96y77(14)y3033(4)$10.00
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The LSCO specimens were grown from ceram
targets by pulsed-laser deposition. They arec-axis
oriented, with thicknesses between 5000 and 9000
deposited on substrates of crystalline SrLaAlO4, which is
isostructural with LSCO, with a lattice mismatch of 0.5
between substrate and film [11]. The samples w
patterned by photolithography, and silver contacts w
then evaporated. The zero-resistance superconduc
transition temperatureTc and the zero-field resistivityrab

measured at 40 K are shown in the inset of Fig. 1
films with various values ofx. It may be seen thatTc

drops to zero and the resistivity increases dramatica
near x  0.05, i.e., at the MI transition. The value
of Tc near optimal doping are lower than for bul

FIG. 1. The temperature dependence ofrab of sample F1
with x  0.048, with the field perpendicular to thea-b plane.
The fields are, from below, 0, 1.7, 2.0, 2.2, 2.3, 2.4, 2.6, 2
2.8, 2.9, and 3.0 T. The inset showsTc, and rab at 40 K and
zero field, for LSCO films with various values ofx. The lines
are guides to the eye.
© 1996 The American Physical Society 3033
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samples because of the oxygen deficiency that we h
previously described [12]. We describe measurem
on two films, F1, withx  0.048, Tc  450 mK, and
rab sat 40 Kd  8 mV cm, and F2, with x  0.051,
Tc  4 K, andrab sat 40 Kd  3.5 mV cm.

Four-point low-frequency ac measurements were m
with currents of the order of 1 nA, adjusted to maint
the Ohmic response of the specimens. The samples
mounted in a dilution refrigerator where they were coo
down to 30 mK. Magnetic fields up to 8.5 T we
applied both perpendicular and parallel to thea-b plane.
We discuss only the measurements in the perpendic
configuration, for which the magnetic field has a stro
effect on the superconducting transition.

Logarithmic plots of the resistive transitions of the tw
films in the presence of magnetic fields are shown
Figs. 1 and 2. Small magnetic fields cause a broad
ing of the transition and decrease the zero-resistance
peratures. As the magnetic field increases, a pronou
maximum appears, and shifts to lower temperatures
increasing field. For sample F1 the maximum mo
below the lowest measurable temperature at a field
2.8 T. At higher fields the resistivity shows no sig
of superconductivity and increases steeply as the t
perature is lowered, suggesting that the field induce
superconductor-insulator transition. For sample F2
maximum field that we apply is too weak to suppre
superconductivity completely. However, the field cau
qualitatively similar changes in the resistance, with a m
pronounced maximum and a relatively sharp drop of
resistance on the low-T side of the maximum. We not
that none of the superconducting transitions shown
Figs. 1 and 2 shows any sign of the reentrant beha

FIG. 2. The temperature dependence ofrab for sample F2,
with x  0.051, in perpendicular fields. The fields are, fro
below, 0, 1, 3, 4, 5, 6, 7, 8, 8.5 T. The lines are guides
the eye.
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first observed in indium oxide [4]. Moreover, down to th
lowest temperature of our measurements,T  30 mK, we
do not observe a critical field at whichrsTd becomes in-
dependent ofT , although this possibility cannot be com
pletely ruled out at still lowerT .

Figure 3 shows the temperature dependence ofrab

plotted as lograb againstT21y4 for film F1. The figure
shows that the data follow straight lines from 4 to 6
indicative of Mott hopping. (The data are also consist
with the exponent13 which would be expected in a 2D
system.) We conclude that the straight lines on this gr
reflect the true insulating character of the normal st
of this specimen. The deviations at lower fields may
attributed to superconducting fluctuations. If we assu
that these fluctuations are suppressed at fields of 4 T
higher, then the figure shows that the magnetoresista
is positive.

It may be seen in the inset to Fig. 3 that this sa
specimen that shows hopping behavior at low tempe
tures exhibits a linear dependence ofrab on T above
200 K.

The temperature dependence of the normal state of
F2 (Fig. 2) is more difficult to assess because superc
ductivity is not completely suppressed at any field. T
two curves at the highest fields, 8 and 8.5 T, are qu
close to each other to the right of the maximum, indic
ing that they are in or close to the normal state. At the
fields theT dependence is somewhat faster than logar
mic down to about 700 mK, leading us to conclude th
in the absence of superconductivity the ground state
insulating in this specimen also. A logarithmic depe
dence down to low temperatures would be quite unus
although the theory of weak localization in 2D system
predicts a logarithmic temperature dependence of
conductivity [13]. Our result may be compared to th

FIG. 3. Lograb as a function ofT21y4 for film F1 in fields
of 2.4, 3, 4, 5, and 6 T. The straight lines are fits to the poin
the broken lines are guides to the eye. The inset showsrab as
a function ofT up to 300 K for the same film.
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of Ando et al., who measured the resistance of sing
crystals of LSCO withx  0.08 and x  0.13 at tem-
peratures down to 0.7 K and fields up to 60 T [14], an
concluded that the resistivity is proportional to lns1yT d,
in both thea-b plane and along thec axis, so that a the-
ory that applies only to 2D systems would seem not to
applicable. The fact that the observed dependence oR
on T is faster than logarithmic suggests that it represe
a crossover region to a low-temperature hopping regi
as in specimen F1. We note that the hopping behavior
film F1 is observed at temperatures well below 1 K. Th
low-temperature insulating regime was not accessible
ing available fields in film F2, nor in the measuremen
conducted by Andoet al.

We also note that there is a distinct difference in th
behavior of these two specimens from that previous
observed in LSCO with impurities substituted at th
copper site [15]. In that case the conductivity extrapola
to a finite value asT goes to zero, indicating the existenc
of a metallic nonsuperconducting phase. Our pres
results show that no such phase seems to exist when
carrier concentration is changed by altering the La-Sr ra
rather than by substitutions in the copper-oxide plane.

We now turn our attention to the temperature depe
dence of the upper critical field,Hc2sTd. Figure 2 shows a
sharpening of the superconducting transitions as the te
perature is lowered below 1 K. This effect was not o
served in previous studies of the LSCO system, whi
were made at higher temperatures [16] so that we ten
tively associate the sharpening with the presence of l
temperatures rather than high magnetic fields. This m
be because the broadening of the superconducting tr
sition in magnetic fields is caused by flux-flow effect
which are reduced or eliminated at the lowest tempe
tures. The narrowing allows us to attempt to determi
the dependence ofHc2 on T from the resistance data. As
an approximation to the true critical field we choose th
field Hp at which the resistivity is 10% below its maxi
mum value. Figure 4 showsHp as defined in this way as
a function of temperature. To assess the influence of
width of the transition onHpsT d we also show the fields
at which the resistivity is 20% and 50% below the max
mum. Below 1 K, where the transitions are sharper, t
scatter is quite small, and the 10%, 20%, and 50% poi
are close to each other. We see the upward curvature
HpsT d down to our lowest temperature of about0.007Tc,
similar to that previously observed in two overdoped, a
one underdoped high-Tc systems [1–3].

The observation of a similar variation of the critica
field in the underdoped and overdoped systems does
necessarily mean that the origin of this effect is th
same on both sides of the phase diagram. In the c
of the heavily underdoped specimens that we investig
there is the possibility that the carriers are influenced
magnetic ordering at low temperatures. Such coupli
is known to result in unconventional behavior ofHc2
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FIG. 4. The resistive critical fieldHp versus temperature fo
sample F2. The values ofHp were chosen at the points wher
the resistivity is 10% (≤), 20% (¶), and 50% (±) below the
resistivity maximum. The curves are the melting lines
calculated from Ref. [23], withHcs0d and Tp parameters for
the three curves, from below, 11.9 T and 2.7 K, 12.9 T a
2.95 K, 12.95 T and 3.6 K.

in some ternary rare-earth compounds [17]. On
other hand, it is also possible that the origin of t
anomaly is the same as in the overdoped compoun
Several theoretical interpretations have been propo
Alexandrov et al. considered the Bose condensation
bipolarons partly localized in a random potential [18
Our attempt to fit the formula forHc2sT d predicted by
this theory to the experimental data leads to the rat
high value of 300 Å for the zero-temperature coheren
length j0, and to the value of 21 K forTc, which is
much higher than the observed value. There are sev
other theoretical models in whichHpsTd is identified
with Hc2sT d, including the models which link the upwar
curvature of Hc2 to a temperature-dependent effectiv
mass [19], to the properties of the normal state [20], or
strong fluctuation effects [21]. Most of these theories a
capable of reproducing the upward curvature ofHc2sT d,
but the fits to the experimental data are usually limited
a narrow temperature region.

There are also theories which link the anomaly of t
observedHpsT d curve with the melting of the vortex lat
tice, either in two dimensions [22] or in three dimensio
[23]. The broadening of the superconducting transiti
which we observe at temperatures above 1 K sugg
that vortex motion may indeed influence the behavior
the resistive transition. We therefore compare our exp
mental results with the model of Kotliar and Varma [2
who identify Hp with the melting line of the Abrikosov
lattice, and propose to explain the anomaly by the
istence of a zero-temperature quantum critical po
According to this model the melting line is described b
HmsT dyHc2s0d  1 2 sTyTpd2y5, where Hm is the field
at the melting line, and the characteristic temperatureTp

is related to the Ginzburg parameterk and to the masses
in the Landau-Ginzburg HamiltonianM and Mz by the
3035
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relation Tp ø 0.44 3 108ayk2sMzyMd1y2. Herea is a
dimensionless constant expected to be less than one.
lines in Fig. 4 show fits that we obtain to the three s
of data for the points 10%, 20%, and 50% below t
maximum, with values of the two fitting parameters,T p

andHc2s0d, equal to 3.6 K and 12.95 T for 10%, 2.95
and 12.9 T for 20%, and 2.7 K and 11.9 T for 50%. T
formula is seen to describe the data very well below 1
The origin of the deviation above 1 K may be that th
experimental points are outside the critical region, or b
cause of the broadening of the transition.

If Hp is identified as the field at the melting poin
of the vortex lattice, it is probably better represented
the midpoint of the transition curve. Indeed, the 50
experimental points give the best fit. The fields for 10
and 20% will then be at temperatures that are too high
keeping with their observed deviation.Hc2, on the other
hand, must be expected to be at values ofT near or even
above the maximum on Figs. 1 and 2.

The observation of a continuous increase of the up
critical field, apparently without saturation, indicates th
this may be a feature characteristic of perovskite sup
conductors. In addition, our experiment shows that
magnetic transition in the specimen withx  0.048 is
from the superconducting state to an insulating state ch
acterized by variable-range hopping, and that this m
also be the case in the specimen withx  0.051. Finally,
we see no evidence for a bosonic-insulator phase, or f
metallic nonsuperconducting phase.
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