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The angular dependence of the upper critical magnetic field has been investigated in a wide range of tem-
peratures in very high-quality Bi»SroCuQOg4s single crystals with critical temperature 7, (midpoint) ~ 9 K
in magnetic fields up to 28 T. Although the typical value of the normal state resistivity ratio p./pas ~ 10%,
the anisotropy ratio Hy|qp / Hec2las of the upper critical fields is much smaller and shows an unexpected
temperature dependence. A model is proposed based on a strong anisotropy and a small transparency between

superconducting layers.
PACS: 74.25.Ha, 74.60.Ec, 74.72.Hs

One of the puzzling phenomena of high-T, super-
conductors (HTSC) is the anomalous positive curvature
of the temperature dependence of the upper critical field
H_,, which has been observed in some superconduct-
ing oxides [1-4]. The magnitude of the critical field at
zero temperature was far in excess of the Werthamer-
Helfand-Hohenberg extrapolation [5] and any quadratic
saturation of H.»> was not found down to temperatures in
the mK range for low-critical-temperature T1;Bas CuOg
single crystals [1] and BisSraCuOg films [2]. In addi-
tion, it was deduced from measurements in 61-T pulsed
magnetic fields applied parallel to the c-axis that the
shape of H.2(T) in the high-T, cuprates depends on the
anisotropy of the materials, becoming more conventional
as the normal state anisotropy gets smaller [6]. The au-
thors argued that the normal state anisotropy plays a key
role in determining the curvature of H.o(T) [6]. How-
ever, in the different models [7 9] which have been pro-
posed to account for the upward curvature in H.»(T),
the effect of anisotropy is not so important. This prob-
lem of anisotropy in the superconducting properties is re-
lated to the more general question for the understanding
of high-T, superconductivity on the basis of the normal-
state properties.

In transport measurements on the low-7. phase
BiySroCuOg (Bi2201) we obtained a much smaller
(nearly two orders of magnitude) anisotropy for the su-
perconducting critical field than for the normal-state
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resistivity. To explain this contrasting behavior with
respect to the situation for Bi;SroCaCu0s (Bi2212)
where both measured anisotropies are comparable [10],
we analysed the angular dependence of the upper critical
field in a model based on weakly-coupled superconduct-
ing layers.

The anisotropy is usually expressed by the ratio
v = +/m./my between the effective masses of the
quasiparticles along the c-axis and the ab-plane, which
can be related to the transport anisotropy with v ~
~ +/pe/pap using p = m/ne’r for the out-of-plane
resistivity p. and in-plane resistivity p,p [8, 10]. For
the three-dimensional (3D) limit with a superconduct-
ing coherence length £, larger than an interlayer dis-
tance s, the anisotropic Ginzburg-Landau (AGL) rela-
tion Hez(0) = Hepjap(cos® 8 + 72 sin® §) 705 describes
the angular dependence of the upper critical field with
Y = Hegjjap/Hez1ab = y/Mc/Mmap for the applied field
H || ab-plane and H L ab-plane [11]. Here, 8 is the an-
gle between the magnetic field and the ab-plane. For lay-
ered superconductors with a high degree of anisotropy,
such that £&.(T') < s, a 2D situation with decoupled lay-
ers arises. For such a thin-film superconductor in the
vicinity of a critical temperature T, (in the GL approx-
imation), Tinkham has proposed a qualitative model
with the angluar dependence |H.2(0)sind/Hcaiq| +
+ [He2(0) cos 0/ H zp)* = 1 [12]. The thin-film model
results in a cusp at § = 0° with dH./df # 0, which
behaviour has been observed in superconducting mul-
tilayers [13]. An important feature is that the both
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models predict a temperature-independent critic-field
anisotropy Hea|ab/Hea 1 ab-

For YBay;Cu3O7 with a not too strong anisotropy
(typically v ~ 10 — 30), there are indications for a di-
mensional crossover from 3D to 2D with decreasing tem-
perature [14, 15]. For Bi2212 with v values up to 1000,
deviations from the AGL theory have been observed in
resistivity experiments in the vicinity of 7, by Palstra
et al. [16], but without a clear indication of the dimen-
sional crossover. In similar experiments with a better
angular resolution, Marcon et al. [17] and Naughton et
al. [18] have found the 2D behaviour in Bi2212 crystals.
Because of the high H. values in these systems, a di-
rect determination of the H.; anisotropy can only been
done close to T,. To extend the temperature region fur-
ther below T, the anisotropy of irreversibility has been
investigated.

The low T, of Bi2201 does not restrict the criti-
cal field studies to temperatures close to T. while its
structure and properties are closely related to HTSC.
Single crystals of the pure Bi2201-phase are difficult to
grow, because the crystals are nonstoichiometric and, as
a rule, not perfect. For this reason, most of the mea-
surements were carried out on single-phase La-doped
Bi2201 single crystals. The three slightly overdoped
crystals investigated in this study were grown without
doping by a KCL-solution-melt method in the stoichiom-
etry Bizy;Sry_(544)Cu114O64s with Bi excess in order
to have good quality single crystals [19]. The zero-field
critical temperatures defined by the 10% and 90% points
of the resistive transition equal 8.1 — 9.8, 8.7 — 9.5, and
8.1 — 8.9 K for samples No. 1, 2, and 3, respectively.
In the inset of Fig.1 we have plotted the temperature
dependence of the resistive transition for sample No. 1.
In the four-probe resistance measurements the transport
current was in the ab-plane of the crystals and orthogo-
nal to the field in all cases. The angular resolution was
better than half a degree with the § = 0° orientation
obtained from the highest value of H;2(0)c2|jqs-

Fig.1 shows the in-plane resistive transitions for sam-
ple No. 1 at 6.8K as a function of applied field for
various field orientations relative to the ab-plane of the
crystal. The resistance has been normalized to the ex-
trapolated high-field normal-state resistance R,. The
inset in Fig.2 shows the magnetoresistance curves for
the same sample at various temperatures with the field
direction perpendicular to the ab-plane of the crystal. In
spite of the strong broadening of the magnetic transitions
at high temperatures one can see in the inset that the
resistive transitions in the normal state are completed
at H > 13 T, even at T = 5.5 K (the weak increase of
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Fig.1. In-plane resistive transitions of sample No. 1
as a function of applied field for various field orienta-
tions relative to the ab-plane of the crystal at 6.8 K.
Angle 0 from above is 90°, 72°, 54°, 36°, 27°, 18°,
9°, 4.5°, 2.7°, 1.8°, 0.9°, 0°. The resistance has
been normalized to extrapolated normal-state resis-
tance R, at the highest fields. The inset shows the
temperature-dependent superconducting transition of
the same sample
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Fig.2. Temperature dependencies of the upper critical
field HZ,(T') for sample No. 1 at various angles 6 ex-
tracted from the 80 %-resistive transitions of the crys-
tals. The inset shows the magnetoresistance curves
for the same sample at various temperatures with the
field direction perpendicular to the ab-plane of the
crystal

the normal-state resistance is due to a magnetoresistance
contribution in high magnetic fields).
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The field induced resistive transitions for samples
No. 2 and 3 were similar to those shown in Fig.1. The
influence of the flux-flow dissipation on the broadening of
the superconducting transition, becomes less noticeable
for a critical field determination close to R, [16, 20, 6].
In support of this, we display in Fig.2 the H%,(T) phase
diagram for sample No. 1 at various angles § obtained
from a 80% criterion of its normal-state value R,. For
the lowest 6 values these temperature dependencies are
analogous to the dependence for conventional type II
superconductors. The phase diagram obtained from the
R = 0.5R,, criterion exhibited for all field orientations a
strong anomalous concave upturn of H (T).

In Fig.3 we show H}(6) for sample No. 1 at 6.8
and 5.55 K. The inset shows similar data for sample
No. 2 at 1.42 and 0.82 K and for sample No. 3 at 4.2 K
(data points). For the angular dependence H,(f) a
good agreement is found with the 3D AGL model with
anisotropy parameters v = Hcy|o5/He2145 €qual to 9.8,
7.15 and 5.3 at 7.8, 6.8 and 5.55 K, respectively, (crystal
No. 1). This anisotropy is much lower than v = 1/pc/pap
found from resistivity which equals 140 at 6 K. More-
over, the obtained anisotropy parameter -y varies with
temperature which is unexpected for a similar temper-
ature dependence of the critical fields in the two field
orientations. We conclude therefore that the anisotropy
parameter <y of our Bi2201 single crystals cannot be de-
duced from the angular dependence of H.2(f) using the
available models as has been done before for Bi2212.

A temperature-dependent critical-field anisotropy
was observed in layered low-T, 2H-TaS, [21] and MoS,
[22] single crystals intercalated with a variety of organic
molecules and alkali metals. The data have been ana-
lyzed using the theory of dimensional crossover devel-
oped by Klemm et al. [23]. Klemm et al. have extended
the Lawrence-Doniach model [24] and found the condi-
tions necessary for observing crossover to a 2D behav-
ior characterized by the temperature-dependent critical-
field anisotropy and a strong upward curvature in Hy|jqp
and vs T. In our case the H},, (T') phase diagram ob-
tained from a 80% criterion of its normal-state value
R,, does not show the upward curvature in H:2||a,b and
is analogous to the dependence for conventional type II
superconductors (Fig. 2 and Ref. [20]).

In the following we propose a model for the observed
critical-field anisotropy based on a superconductor with
a high degree of anisotropy consisting of stacked two-
dimensional superconducting planes with an effective
thickness d coupled by weak Josephson coupling [24].
The upper critical field Hy)qp is determined by the de-
pairing currents in the ab-plane, and will be finite even
for pe/pap — 00. We neglect spin effects such that

H_3||qp Temains smaller than the paramagnetic limit. In
this model, the upper critical field at an arbitrary ori-
entation with respect to the crystal and an arbitrary
temperature is determined by lowest eigenvalues of the
operator L = —( 2 — 12ieA)?, where A is the vector
potential. For the magnetic field H oriented at an angle
0 to the ab-plane (zy-plane), the vector potential A can

be written as
A = (—Hysinf + Hzcos#,0,0), (1)

where z lies in the range of —d/2 < z < d/2. Under the
assumption that the effective thickness d is less than the
correlation length in the ab-plane of crystal, the order
parameter will be independent of £ and z coordinates.
In a strongly layered anisotropic superconductor for a
magnetic field directed along one of general axes of the
crystal, the vortex cross-section has the shape of an el-
lipse. At low transparency between layers, the small
half-axis of the vortex can be less than d. The effec-
tive mass approximation is no longer valid. In this case
currents between the superconducting layers may be ne-
glected and we can consider one single isolated layer
with effective thickness d. As a result, the operator Lis
given by

4¢?
c—2H2 cos? 0 < 2% >,
(2)

where < 22 >= d?/12. From Eq. (2) we obtain the re-
lationship between the angular dependent critical field
H(#) and the upper critical field H 2 4p:

H(0)sin6 + H2(6) cos®> 0 = Hea ab, 3)

where 4 ~ ed®/6. This expression is similar to the
one given above for thin-film superconductors as pro-
posed by Tinkham [12] and Harper and Tinkham [25],
but the coefficient "/' is now a material constant and
hence temperature-independent. This equation is valid
over a wide temperature region except for temperatures
in the vicinity of T, (see below). From a rough estima-
tion from the experimental data in Fig.3, we obtain the
temperature-independent value 'y' =
~ 0.0068 T1.

For small 6, we do not observe the expected cusp-
like structure for the 2D model descibed by Eq. (3). In
practice, the CuQ» layers in the crystal are slightly mis-
oriented with respect to the distribution of c-axis orien-
tations. Also defects may cause an enhancement of a link
between layers and thus increase the effective thickness
of the superconducting layers. Such crystal imperfec-
tions have no influence for high angles . For small 0,

2 ~
c2Lab/ch||ab —
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the expression for the angular dependence of the upper
critical field H.2(f) can be rewritten with a Gaussian
distribution of the c-axis orientations on a sphere

(o o]
B / gu2 Sin V0% + u? 9
oy  cos2
0

4Hs | by cos? 0

—1], 4
in? V62 + u2 @

X \/ 1+
where # >> 1 determines the angular width in the mis-
alignment of the CuQO5 layers and the possible existence
of shorted layers in the crystal. The solid curves shown
in Fig.3 are fits of Eq. (4) to our experimental data for
sample No. 1 using 3 as a temperature independent pa-
rameter. The inset shows the same data for samples
No. 2 and 3. With the dashed lines we have shown the
cusp-like structure for 8 — 0.
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Fig.3. Angular dependence of the upper critical field
H?, for sample No. 1 at 6.8 and 5.55 K. The inset
shows similar data for the samples No. 2 and 3 at

lower temperatures.

Full lines are fits of Eq. (4) to

the experimental data for sample No. 1, 2 and 3 (see
also inset) with the indicated 8 and +' parameters.
The long dashed lines show the result without angu-
lar broadening (8 — o)

Using this analysis (at 3 — o00) of the critical-field

data, we obtained the same parameter v/ = 0.0021 +
4+ 0.0001 T~! for samples No. 1, 2 and 3. Because the
angular with in the misalignment of the CuQO- layers in
the investigated crystals is much less than we obtained
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from the parameter ' (these crystals showed X-ray rock-
ing curves with a width of about 0.1° —0.3°), this means
that even a small proportion of the shorted layers is
of first importance. From this value of 7' we evalu-
ate an effective thickness of the superconducting layers
d ~ \/6hcy'/e = 2.7-1077 cm. This value is close
to the lattice parameter along c-axis (2.46 - 107 cm)
which looks reasonable. The critical-field anisotropy
Yy = Heyjab/Hea1ab depends now on temperature. Be-
cause the temperature dependence in Eq. (3) is only
determined by the temperture dependence of H.s | 45
(~1-T/T, for T, — T << T.), one gets v ~
~ 1/4/1—T/T.. From measured values of H}, ., (T)
data and the value of 7', we determined the magnitude
of chHab( ). Using a linear extrapolation of H 2||ab(T)
and H},, ,(T) from T, to zero temperature, we found
H7y) 0p(0) =90 T and H:uab(O) ~ 16 T for sample No.
1 and 2 yielding HC2”ab/ volap =0.6atT=0K.

The thin-film approximation (¢, < s) holds for
H2(8)me/map > 1/ . Near T, with Hep ~ 1 —T/T,
and at sufficiently large mass ratio m./mgp, there is only
a narrow region near 7, where this inequality does not
hold and an effective mass approach with a diffusion
tensor becomes more adequate. In the studied crys-
tals at T = 6.8 K, H% | ., = 2.9 T, pc/pap = 2 - 10%,
and 4" = 0.0021 this condition breaks only down at
1—T/T, ~ 0.002 which limit may not be reached in
view of the broadening of the superconducting transi-
tions.

In conclusion, the effective-mass approximation is
not suitable for layered superconductors with a very low
transparency between the superconducting layers. In a
magnetic field parallel to layer, the vortex cross-section
has the shape of ellipse with the small half-axis much
less than the lattice parameter along c-axis of the crys-
tal. For this high degree of anisotropy, the proposed
model of weakly-coupled superconducting layers allows
one to explain the observed angular dependence of the
upper critical field.
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