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Two-dimensional superconductor-insulator transition in bulk single-crystal YBazCu306 3s
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We use a magnetic field to tune a highly anisotropic single crystal of oxygen-deficient YBa2Cu307 —$

with a transition temperature of 2 K through the superconductor-insulator transition. The sheet resis-

tance scales with temperature, 0.05( T ~ 1.0 K, and field, 0(H (94 kOe, in a manner predicted by

a theory for quantum phase transitions in disordered two-dimensional superconductors.

The deleterious effects of disorder are amplified in

lower dimensions, where long-range coherence is, at best,
only marginally stable. A case in point is the destruction
of superconductivity in ultrathin granular' and continu-
ous metal films. The disorder is parametrized by the film

sheet resistance and the data suggest a zero-temperature
threshold for quenching global superconducting coherence
near h/4e =6.45 kO/&. Experimental variables for ad-

justing the disorder include film thickness for elemental
metals ' and composites, ' stoichiometry or doping for
compounds, including oxide superconductor single crys-
tals, " and ion bombardment.

The application of a magnetic field to a disordered su-

perconducting film leads to a fundamentally different type
of T =0 superconductor-insulator transition. ' Field-
induced vortices Bose condense, resulting in a transition
from a state with zero resistance and pinned vortices
("vortex glass" ) to a state with zero conductivity and lo-

calized Cooper pairs ("electron glass" ). The finite-
temperature scaling predictions of the Fisher theory '

have been verified in amorphous-composite InO thin
films, ' ' and values for universal critical exponents predict-
ed, but not numerically determined by the theory were
measured. We report here evidence that the field-induced
two-dimensional superconductor-insulator transition per-
sists in a highly anisotropic three-dimensional super-
conductor, namely oxygen-deficient YBa2Cu307 —s (8
=0.62). We find the same dynamical exponent describ-
ing the critical behavior of the sheet resistance in field as
measured for a-lnO„, but with a very different scale for
the transition. Our results on barely superconducting
YBa2Cu307 —b crystals permit a test of the field-induced
superconductor-insulator scenario in a regime not accessi-
ble to disordered films as well as helping elucidate the na-
ture of the incipient superconducting state in relatively
pristine, but essentially decoupled Cu02 planes.

Decreasing the oxygen content of single-crystal Y-
BazCu307 & preferentially creates vacancies in the
chains, reducing the superconducting-transition tempera-
ture T, and increasing the anisotropy. ' Moreover, when

thermally equilibrated and quenched from elevated tem-
peratures Tq below 200 C, the vacancies disorder, lower-

ing T, while keeping the total oxygen content of the crys-
tal constant. ' By adjusting Tg, T,. can be precisely con-

trolled. This unique property of YBa2Cu307 —& allowed us
to fine tune T,. suSciently close to the superconductor-
insulator boundary that a magnetic field could drive the
transition.

We started with a high-quality twinned single crystal of
YBa2Cu30q b with a superconducting-transition temper-
ature of 13 K and a 10%-90% width of 1 K as measured
in a SQUID magnetometer. The sample was heated to
Tg =150 C, quenched by immersion in liquid nitrogen,
mounted on the sample holder and top loaded into a heli-
um dilution refrigerator, resulting in a resistive-zero T;p
=2. 1 K. Four-probe magnetoresistance measurements in

the a-b plane with Hllc were made for 0.05 & T ~ 15 K
and 0~ H ~ 94 kOe using a standard lock-in technique
at 16 Hz. Input power was restricted to less than 10
watts to avoid sample heating and nonlinear I-V charac-
teristics. Two opposite faces of the sample were covered
with silver epoxy to serve as low-resistance current leads
and two 75-pm stripes were painted along c on one adjoin-
ing face to serve as the voltage leads. A heat treatment at
550'C served both to adjust the oxygen stoichiometry of
the crystal and to sinter the silver to the sample surface,
providing reliable low-resistance contacts ( ( 1 0 at
T=0.05 K in field). EITective sample dimensions were
0.6x0.6x0.3(c axis) mm . Errors due to finite contact
size and variations in the sample thickness make absolute
values of R(H, T) uncertain within 10%. Uncertainties
due to possible microcracking from quenching the crystal
have not been included. As the resistive anisotropy of
barely superconducting YBa2Cu307 —b is in excess of
3000, ' the method used here of effectively shorting out
any possible c-axis transport is crucial for obtaining the
true resistance in the a-b plane.

We show in Fig. 1 R,„(T) in a semilogarithmic plot for
selected values of H. The measured three-dimensiona1
sample resistivity was converted to a two-dimensional
resistance R,q of pairs of Cu02 planes by dividing the
thickness of the crystal by the c-axis lattice constant, '

11.8 A. The decision to use pairs of Cu02 planes as the
two-dimensional unit is based on recent measurements'
of the Hall effect in fully oxygenated YBazCu307 —$

which conclude that the pairs of Cu02 planes in each unit

cell remain strongly coupled near T, The alternative as-

sumption that individual Cu02 planes are the noninteract-
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amorphous-composite InO in field, where zava =1.26 for
a T, =0.29-K film and za vq =1.31 for a T, =0.54-K film.
The experimental values for the exponent product are con-
sistent with the theoretical constraints ' zg = 1 and
Va~ 1.

We show in the inset to Fig. 3 the correspondence be-
tween the YBa2Cu3063g and the a-lnO, data sets. Al-
though the exponents are essentially the same for the two
systems, dR,q/dH evaluated at H„ is of order I 0/Oe for
lnO„, while it is of order 0.03 0/Oe for YBazCu3063s.
This diA'erence could be due to either the fact that single-
crystal YBa2Cu306 3g„with disorder primarily in the
chains, is closer to the clean limit or that co is sensitive to
possible weak coupling between the CuO2 planes. In the
latter view, co gradually vanishing would be a natural way
to pass from the two-dimensional to the three-dimensional
limit.

Hebard and Paalanen" were able to test the prediction
H, . & T,. for a series of a-lnO, films, finding z =1 as pre-
dicted. Unfortunately, we were unable to quench our
crystal to lower T„and make an independent test of the
variation of H, with T,. Hence, the scaling behavior of
Fig. 3 with a universal value for zq va remains the strong-
est evidence that bulk single crystals of YBa2Cu307-s ex-
hibit a two-dimensional field-induced superconductor-
insulator transition. We are able to compare, however,
our result with the H, vs T, curve determined for a-InO, .
For H„84 kOe one would expect a Kosterlitz-Thouless '

transition temperature T, =1.3 K, which is close to the

temperature where we observe the onset of scaling behav-
ior. The disappearance of scaling behavior for T & 1 K
may be due to finite-temperature corrections which are of
order (T/T„) or it may reflect a crossover from two-
dimensional to three-dimensional character as T ap-
proaches T,o. Alternatively, the finite width of the super-
conducting transition may suppress artificially the true
scaling form.

Previous studies'" of the irreversibility line in oxygen-
deficient single-crystal YBa2Cu307 z found large flux
flow even for superconducting-transition temperatures as
low as 7 K. We have shown here that the magnetic field-
induced superconductor-insulator transition for single-
crystal YBapCu3063g with T,O=2. 1 K is dominated by
the Bose condensation of the magnetic vortices at H, =84
kOe and R,.q —h/2e . The scaling behavior of R,q(H, T)
at the transition is consistent with a two-dimensional
description, establishing anisotropic oxide superconduc-
tors as fertile ground for testing universal behavior at the
superconductor-insulator boundary.

We are grateful to J. W. Downey and A. P. Paulikas for
their help in sample preparation. The work at The Uni-
versity of Chicago was supported by the NSF Science and
Technology Center for Superconductivity, Grant No. 88-
09854. B.M.V. acknowledges support from U.S. DOE
BES-Materials Sciences, Contract No. W-31-109-ENG-
38.

'B. G. Orr, H. M. Jaeger, A. M. Goldman, and C. G. Kuper,
Phys. Rev. Lett. 56, 378 (1986); H. M. Jaeger, D. B. Havi-

land, B. G. Orr, and A. M. Goldman, Phys. Rev. B 40, 182
(1989), and references therein.

2D. B. Haviland, Y. Liu, and A. M. Goldman, Phys. Rev. Lett.
62, 2180 (1989).

3R. C. Dynes, A. E. White, J. M. Graybeal, and J. P. Garno,
Phys. Rev. Lett. 57, 2195 (1986).

A. F. Hebard and M. A. Paalanen, Phys. Rev. Lett. 54, 2155
(1985).

~J. M. Graybeal and M. A. Beasley, Phys. Rev. B 29, 4167
(1984).

S. Tanda, M. Honma, and T. Nakayama, Phys. Rev. B 43,
8725 (1991).

T. Wang, K. M. Beauchamp, D. D. Berkley, B. R. Johnson, J.-
X. Liu, J. Zhang, and A. M. Goldman, Phys. Rev. B 43, 8623
(1991).

"D. Mandruss, L. Forro, C. Kendziora, and L. Mihaly, Phys.
Rev. B 44, 2418 (1991).

9J. M. Valles, A. E. White, K. T. Short, R. C. Dynes, J. P. Gar-
no, F. J. Levi, M. Anzlowar, and K. Baldwin, Phys. Rev. B 39,

I I 599 (1989).
'oM. P. A Fisher, Phys. Rev. Lett. 65, 923 (1990).
''A. F. Hebard and M. A. Paalanen, Phys. Rev. Lett. 65, 927

(1990).
' K. E. Gray, D. H. Kim, B. W. Veal, G. T. Seidler, T. F.

Rosenbaum, and D. E. Farrell, Phys. Rev. B (to be pub-

lished).
' B. W. Veal, H. You, A. P. Paulikas, H. Shi, Y. Fang, and J.

W. Downey, Phys. Rev. B 42, 4770 (1990); B. W. Veal, A. P.
Paulikas, H. You, H. Shi, Y. Fang, and J. W. Downey, ibid.
42, 6305 (1990).

' J. D. Jorgensen, B. W. Veal, A. P. Paulikas, L. J. Nowicki, G.
W. Crabtree, H. Claus, and W. K. Kwok, Phys. Rev. B 41,
1863 (1990).

'~J. P. Rice, J. Giapintzakis, D. M. Ginsberg, and J. M. Mochel,

Phys. Rev. B 44, 10158 (1991).
'6M. P. A. Fisher, G. Grinstein, and S. M. Girvin, Phys. Rev.

Lett. 64, 587 (1990).
' J. M. Kosterlitz and D. J ~ Thouless, J. Phys. C 6, 1181 (1973).
'"G. T. Seidler, T. F. Rosenbaum, D. L. Heinz, J. W. Downey,

A. P. Paulikas, and B. W. Veal, Physica C 183, 333 (1991).


