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Anomalous Temperature Dependence of the Upper Critical Magnetic Field in Bi-Sr-Cu-0
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H, z(T) has been measured for thin BSCO films over a larger combined range of magnetic field and
reduced temperature than for any other superconductor. H, z(T) diverged anomalously as the tempera-
ture decreased: At the lowest temperature, it was 5 times that expected for a conventional superconduc-
tor. Such a strong divergence cannot be explained by any conventional model.

PACS numbers: 74.60.Ec, 74.72.Hs, 74.76.Bz

The coherence length g is one of the characteristic pa-
rameters of a superconductor. It is a difficult quantity to
measure directly, however, and it is thus often calculated
from the expression H, 2(0) =@a/2trg, where H, 2(0) is
the upper critical magnetic field measured near T=O,
and @0 is the magnetic flux quantum. For low tempera-
ture superconductors, the measurement of H, 2(T) is not
particularly difficult because its full extent lies within
reach of the magnetic fields (say, 15 T) which may be
generated at several laboratories. By contrast, measure-
ments of H, 2(T) for the high temperature superconduc-
tors (HTS) have been limited to temperatures near T,
because H, 2 in these materials rapidly exceeds accessible
laboratory magnetic fields when the temperature is re-
duced to only nine-tenths of T, . Thus the values of g cal-
culated from such data require either a large extrapola-
tion to T=0 K using a presumed functional form for H, 2

or calculation of H, z(0) from the slope (dH, 2/dT)T us-
ing the Werthamer-Helfand-Hohenberg (WHH) expres-
sion [1] H, 2(0) =0.7T, (dH, 2/dT)T . If, for some reason,
H, 2 should depart from the expected theoretical behavior,
then this procedure could be subject to unanticipated er-
ror.

To further compound the uncertainty in obtaining g for
HTS materials, the superconductive transitions are gen-
erally broadened in an applied magnetic field [2-7] which
introduces ambiguity in choosing H, 2. However, magne-
tization measurements [8] yielded the expected linear be-
havior of H, z near T, from which H, 2(0) has been calcu-
lated using the WHH expression. The magnetization re-
sults are more reliable because there is less ambiguity in

defining H, 2 than in the former case. The anomalous up-
turn in H, 2(T) has even been seen in a polycrystalline
sample of the cubic, non-copper-oxide material Ba~ —-
K„Bi03 [3]. Measurements of R(T) in a magnetic field
on crystals [2,3] and thin films of La2-„Sr„Cu04 [9]
showed an upward curving H, 2(T) for the field oriented
parallel to the c axis. Even though some of the most
striking curves in Ref. [9) came from R(T,H) data

which did not broaden appreciably, this odd result was
explained as being caused by flux motion [10]. The same
authors performed similar measurements on the Nd2 —-
Ce„Cu04 [11] system and obtained rather conventional
H, 2(T) results. However, the authors used the R =0 and
R = —,

' R„„,l criteria for defining H, 2(T), which are sus-

ceptible to the efl'ects of flux dynamics. If one uses an
R =90%R„, ~

criterion then this H, z(T) curve also
curves upward. Similar studies [12,13] on Sm t s5-

Ceo i 5Cu04 —~ show relatively narrow superconducting
transitions which do not significantly broaden in an ap-
plied magnetic field for H parallel to the c axis. The
H, 2(T) curve which was extracted from these data also
shows an unconventional upward curvature extending
down to temperatures as low as 1 K (corresponding fields
of 4-7 T).

In this Letter we report the first H, 2(T) data on a
high-quality thin film of Bi2Sr2CuO~. The measurements
extend over the largest combined range of reduced tem-
perature, t =T/T, (minimum t =0.005), and magnetic
field (fields as high as 35 T) for any superconductor to
date. We observed a striking divergence in H, 2(T) as T
approached zero. We find that such a divergence cannot
be rationalized by any of the conventional or unconven-
tional models for the behavior of superconductors in a
magnetic field and thus requires the development of a
new physical theory. Similar results have been observed
in overdoped T12Ba2Cu06 thin films by Mackenzie et al.
[14].

The Bi2Sr2CuO~ system is an excellent choice for
studying H, 2(T) of a copper-oxide superconductor. It
has a comparatively simple structure (no chains, one
CuO layer). Also the superconducting properties are
easily modified by varying the Bi-Sr ratio. T, is relatively
low and thus the superconducting transitions are not
significantly broadened in a magnetic field (flux dynamic
broadening efl'ects are small). Furthermore, H, 2(T) is
within laboratory reach over a very broad range of tem-
peratures.
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FIG. 1. Resistance R as a function of mag-
netic field H at several temperatures T. The
temperatures decrease monotonically from 13
K (far left-hand curve) to 65 mK (far right-
hand curve).
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The superconducting phases of the Bi&Sr&CuO~ system
are actually Sr deficient [15-17]. While bulk supercon-
ducting samples (both "single crystals" and polycrystal-
line) have been studied [15-17], they are difficult to
prepare in pure form owing to the tendency to also gen-
erate the stoichiometric compound BiqSrqCuO~, which is

a monoclinic insulating phase [16,17]. Superconducting
films were successfully made using atomic, layer-by-
layer, molecular-beam evaporation (ALL MBE) [18]
where the chemical composition is carefully controlled.
Films approximately 1000 A thick of BiqSrzCuO~ were
grown on SrTi03 substrates and subsequently patterned
into a geometry suitable for resistance measurements.

The resistive transition of the film in zero magnetic
field indicated that the superconductive transition began
at a temperature of 19 K and extended down to 12 K
where the transition was complete. When the magne-
toresistance was measured, the film was oriented with its
c axis parallel to the applied field. The resistance was
measured using a standard, four-probe ac (excitation fre-
quency: 100 kHz, applied current: 0.4 pA) technique as
the magnetic field was pulsed from zero to 35 T. The
magnetic field reached its maximum value 70 ms after
pulse initiation, and it subsequently decayed to zero in

800 ms. Data were recorded during both periods to check
for errors due to thermal drifts caused by heating or for
error signals induced by transient eAects. The measured
resistance was essentially the same in both cases, indicat-
ing that these eAects were not significant. Measurements
were made at temperatures as low as 1.6 K in a pumped

He cryostat. The sample was then transferred into
another cryostat which contained a plastic dilution refri-
gerator in which the sample could be cooled down to 65
mK.

Figure 1 shows a series of R (H, T) curves for tempera-
tures varying from 13 K down to 65 mK. These curves
indicate that the transition widths are relatively insensi-
tive to the applied field strength and that the quenched,
normal state resistance increases below T, (H=O). We
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FIG. 2. Upper critical magnetic field H, q(T) data derived

from Fig. 1. Solid curve: WHH theory. Inset: Demonstration
of construction used to define H, q from a measured R(H)
curve.

define H, q for each curve as the magnetic field where the
extrapolated normal state resistance and the tangent of
the transition meet (Fig. 2 inset). Because the transition
is not significantly broadened by the magnetic field, we
have shown that any choice of position on the R(H, T)
curve defines H, z(T) curves with essentially the same
shape.

Many of the early critical field measurements of the
HTS have been questioned because the R (T) curves
broaden significantly in a magnetic field due to flux dy-
namics. Roesler er al. [19] have performed tunneling
measurements on Ba~ — K Bi03 films in magnetic fields
and were able to extract the Pauli-limited H, q(T) curve.
They also measured R(T,H) for the same sample. They
concluded that H, z(T) defined by the R(H, T) curve cor-
responded to the one obtained from tunneling if the form-
er was defined near the "top" of the transiton. Therefore,
in this work, H, z(T) is defined as shown in the inset of
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Fig. 2 which yields values that are virtually identical to a
10% resistance drop criterion.

Figure 2 displays the H, 2(T) data extracted from the
R(H, T) data shown in Fig. 1. The conventional WHH
curve, matched at dH, 2(T, )/dT, is shown for compar-
ison. That slope is estimated to be 0.29 T/K so that
H, 2(0) is calculated to be 3.8 T. This value of H, q(0)
corresponds to a coherence length of —55 A in the a b-
plane.

The curves measured here have several features in

common with measurements on the Nd-Ce-Cu-0 [11]
and Sm-Ce-Cu-0 [12,13] systems in that the transition
widths are relatively insensitive to the applied field
strength and the quenched, normal state resistance in-

creases below the zero-field transition temperature. Dali-
chaouch et al. [12] compared the rather classical critical
field behavior for the Nd] 84Cep I6Cu04 ~ system report-
ed by Hikata and Suzuki [11]with the divergent behavior
for 0,2 they observed in Sm~ 85Cep &5Cu04 —~. Magnetic
susceptibility measurements showed that the Sm + ions
order antiferromagnetically at about 0.6T„which is the
temperature below which the normalized H, 2(T) data for
the Nd and Sm compounds were no longer coincident.
The authors thus proposed that the anomaly in H, 2(T)
for the latter was due to an interaction between the rare-
earth magnetic moments and the superconducting charge
carriers. Such coupling has been known to cause devia-
tions from conventional H, 2(T) behavior in the RMo~s
(R =rare earth and X=S, Se) and in the RRh4B4 sys-
tems [20]. Since there are no magnetic rare-earth ions in

the Bi-Sr-Cu-0 system studied by us, however, this argu-
ment does not apply. There is evidence that uncompen-
sated copper spins due to underoxygenated material may
antiferromagnetically order in the YBCO system [21]. It
is therefore possible that such ordering occurs in this sys-
tem too, which could perhaps account for the anomaly.

Han et al. [13] subsequently analyzed the same data
presented in Ref. [12] using the Ginzburg-Landau fiuc-
tuation theory for layered superconductors developed by
Ullah and Dorsey [22,23]. Upon this reanalysis, the
divergence in H, 2 vanished, and they extracted an H, 2(T)
curve which matched the WHH curve. Such an analysis
is inappropriate in our case because our data fall outside
the range of the theory [24].

The WHH theory predicts the well-known shape for
conventional superconductors in either the dirty or clean
limits and includes spin and spin orbit effects [I]. When
applied to HTS, however, the WHH model fails to ac-
count for the anomalous shape of H, 2(T).

The anisotropic nature of the HTS suggests that re-
duced dimensionality could be the source of the anomaly.
The two-dimensional nature of these systems has been
treated theoretically assuming a cylindrical Fermi surface
[25]. Performing a WHH type analysis for such a Fermi
surface does not produce an anomalous H, 2(T) curve.
Schneider [261 studied a dirty limit, Ginzburg-Landau
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FIG. 3. Comparison of measured 0,2 (O) data with a boson

gas model and a superlattice model.

version of a mean-field model for quasi-two-dimensional
superconductors to calculate H, 2(T). This result calcu-
lates a correction to the linear slope, dH, 2/dT, near T,
and predicts upward bending deviations. This work how-
ever, is not relevant for temperatures far from T, .

Work on tr-(BEDT-TTF) 2Cu (NCS) 2 [27,28], a, -

(BEDT-TTF)2I3 [29], (SN)„[30-32], dichalcogenides
[33,34], ZrSez(A„ZrSez) [35], graphite intercalation
compounds [36,37], and various multilayer systems (with
H perpendicular to the film surface) [38-41] have re-
vealed departures from WHH behavior at low tempera-
tures and support the conjecture that reduced dimen-
sionality is responsible for the anomalies.

Several groups [42-44] have calculated H, 2(T) for the
field perpendicular to the layers of superconducting su-
perlattices. Figure 3 compares our data with two theoret-
ical predictions. The curve labeled "superlattice" corre-
sponds to the critical field line calculated by Takahashi
and Tachiki [43] where we have scaled the published
curve for T, =18.5 K and matched the measured value of
0,2 at 4 K. This predicted curve is unable to model the
divergent behavior observed by us.

Upward curvature in H, 2(T) has been observed in

heavy fermion systems such as UPt3 [45,46]. Joynt [47]
has suggested that an upward curvature in H, 2(T) can
occur in heavy fermion systems and applied his model
specifically to YBCO, and suggested that this was evi-
dence for s-d pairing. However, this model only accounts
for curvature near T, and is inadequate for the full tem-
perature range of these data.

If electrons couple very strongly to the lattice then
Bose particles (bipolarons) can form. Alexandrov has
predicted divergent H, 2(T) curves by treating bosons lo-
calizing in a random potential [48] where

3/2

H, z(T) =Hd(1/t) I —t — P(T/y)
yn

p(x) = g I)k
k-p x+k
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and Hd =go/2trgo, t =T/T„nL denotes concentration of
localized states, n denotes concentration of boson states,
and y is the binding energy of a single random potential
well. The curve labeled "bosons with localization" in Fig.
3 is a plot of this expression with Hd =2.8 T, n =nL,
y=4. 5 K, and T, =32 K. While the curve can be made
to fit the data with these parameters, the fitted value of
T, is much too high compared with that obtained experi-
mentally.

Finally, theoretical work which includes Landau quant-
ization eAects at high fields predicts divergent critical be-
havior at low temperatures [49]. Such behavior shows up
as a precursor to the oscillatory and reentrant phenomena
which are the true hallmarks of the model. While the
quasi-two-dimensional nature and low carrier concentra-
tion typical of HTS systems make them ideal candidates
for such a model, we must be careful in accepting until
one observes H, 2 oscillating as a function of temperature.

In conclusion, measurements of H, 2(T) for single layer
Bi-Sr-Cu-0 reveal a startling divergence with decreasing
temperature down to 65 mK and 30 T. This result can-
not be explained by any conventional model which relies
on magnetic ordering, local pairing mechanisms, or su-
perlat tice superconductivity.

The authors would like to acknowledge the assistance
of P. Osofsky; helpful discussions with J. Clem, Z.
Tesanovic, M. Reeves, A. Chaiken, G. Roesler, and A.
Mackenzie; and funding support from the Office of Naval
Research.

[1] E. Helfand, N. R. Werthamer, and P. C. Hohenberg,
Phys. Rev. 147, 295 (1966), and references therein.

[2] Y. Hidaka and T. Murakami, Phase Transitions (Gordon
and Breach, New York, 1989), Vol. 15, pp. 241-261.

[3] G. W. Crabtree et al. , J. Magn. Mater. 76-77, 547
(1988).

[4] Y. Iye et al. , Physica (Amsterdam) 153-155C, 26
(1988).

[5] T. K. Worthington et al. , Physica 153-155C, 32 (1988).
[6] M. Oda et a!., Phys. Rev. B 38, 252 (1988).
[7] H. Mukaida et al. , Phys. Rev. B 42, 2659 (1990).
[8] U. Welp et al. , Phys. Rev. Lett. 62, 1908 (1989); U.

Welp et al. , Physica (Amsterdam) 161C, I (1989).
[9] M. Suzuki and M. Hikata, Jpn. J. Appl. Phys. 28, L1368

(1989).
[10] M. Suzuki, Physica (Amsterdam) 1$5-1$9C, 2343

(1991).
[11]M. Hikata and M. Suzuki, Nature (London) 338, 635

(1989); M. Suzuki and M. Hikata, Phys. Rev. B 41, 9566
(1990).

[12] Y. Dalichaouch et al. , Phys. Rev. Lett. 64, 599 (1990).
[13] S. H. Han et al. , Phys. Rev. B 46, 14290 (1992).
[14] A. P. Mackenzie et al. , Phys. Rev. Lett. 71, 1238 (1993).
[15] E. Sonder et al. , Phys. Rev. B 40, 6872 (1989).
[16] A. T. Fiory et al. , Phys. Rev. B 41, 4805 (1990), and

references therein.
[17] R. S. Roth et al. , J. Am. Ceram. Soc. 72, 395 (1989); R.

S. Roth et al. , J. Mater. Res. 5, 46 (1990).
[18] J. N. Eckstein et al. , Thin Solid Films 216, 8 (1992), and

references therein.
[19] G. Roesler et al. (unpublished).
[20] Superconductivity in Ternary Compounds Il, edited by

M. B. Maple and O. Fisher (Springer-Verlag, New York,
1982).

[21] N. E. Phillips and R. A. Fisher, in High Temp-erature
Superconductivity, edited by J. Ashkenazi et al. (Plenum,
New York, 1991),p. 459.

[22] S. Ullah and A. T. Dorsey, Phys. Rev. Lett. 65, 2066
(1990).

[23] S. Ullah and A. T. Dorsey, Phys. Rev. B 44, 262 (1991).
[24] Z. Tesanovic et al. , Phys. Rev. Lett. 69, 3563 (1992).
[25] W. Pint, Physica (Amsterdam) 168C, 143 (1990).
[26] T. Schneider, IBM Res. Dev. 33, 351 (1989).
[27] A. G. Swanson et al. , Solid State Commun. 73, 353

(1990).
[28] K. Oshima et al. , Physica (Amsterdam) 153-155C, 1148

(1988).
[29] E. Gogu et al. , Physica (Amsterdam) 153-155C, 491

(1988).
[30] L. J. Azevedo et al. , Solid State Commun. 19, 197

(1976).
[31]J. F. Kwak et al. , Phys. Rev. B 20, 2658 (1979).
[32] P. Barrett et al. , J. Phys. F 11, 859 (1981).
[33] P. Molinie et al. , Philos. Mag. 30, 1091 (1974).
[34] M. Ikebe and Y. Muto, Synth. Met. 5, 229 (1983).
[35] Y. Onuki et al. , Synth. Met. 5, 245 (1983).
[36] Y. Iye and S. Tanuma, Synth. Met. 5, 257 (1983).
[37] L. A. Pendrys et al. , Synth. Met. 5, 277 (1983).
[38] Y. Kuwasawa and S. Nakano, in Proceedings of the MRS

International Meeting on Advanced Materials (Materials
Research Society, Pittsburgh, 1989), Vol. 10, p. 27.

[39] V. I. Dedyu et al. , Pis'ma Zh. Eksp. Teor. Fiz. 49, 618
(1989) [JETP Lett. 49, 712 (1989)].

[40] V. I. Dedyu et al. , Physica (Amsterdam) 162-164C, 425
(1989).

[41] H. Nakajima et al. , J. Appl. Phys. 65, 1637 (1989).
[42] K. R. Biagi et al. , Phys. Rev. B 32, 7165 (1985).
[43] S. Takahashi and M. Tachiki, Phys. Rev. B 33, 4620

(1986).
[44] V. M. Gvozdikov, Fiz. Nizk. Temp. 16, 5 (1990) [Sov. J.

Low Temp. Phys. 16, I (1990)].
[45] B. S. Shivaram et al. , Phys. Rev. Lett. 63, 1723 (1989).
[46] S. Adenwalla et al. , Phys. Rev. Lett. 65, 2298 (1990).
[47] R. Joynt, Phys. Rev. B 41, 4271 (1990).
[48] A. S. Alexandrov (unpublished).
[49] M. Rasolt and Z. Tesanovic, Rev. Mod. Phys. 64, 709

(1992), and references therein.

2318


