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Field-Induced Suppression of the Phase Transition in Bi,Sr,CaCu,0s
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Magnetization measurements in field on a Bi,Sr,CaCu,Os single crystal do not reveal any sharp phase
transition between the normal and superconducting states. The M (H) curves for temperatures about 7.
in fields up to 5 T all display diamagnetic behavior. Above the mean-field transition temperature TMF,
quasi-two-dimensional diamagnetic fluctuations are responsible. Below TMF strong deviations from the
conventional mean-field (Abrikosov) behavior lead to an apparent T.(B) which increases with field.
This effect clearly demonstrates the inadequacy of the mean-field theory to describe the vortex state

below the crossover line H.,(T).

PACS numbers: 74.60.Ec, 74.40.+k

It has been a general belief that the in-field transition
between the normal and mixed states in a type-II super-
conductor is given by a second-order phase transition
defined as H.»(T). However, recent theoretical work [1]
regarding the high-T, cuprates rather characterized
H.,(T) as a crossover line between the normal state and
a vortex liquid. A similar prediction has been formulated
based on the analogy with quasi-two-dimensional (2D)
magnetic insulators [2]. In the high-temperature super-
conductors (HTS), the vortex-liquid regime in the (B,T)
phase diagram is quite extended, especially when the ma-
terial, because of its large anisotropy, is quasi-2D. For
example, for Bi;Sr,CaCu,0g (Bi 2:2:1:2) with an aniso-
tropic effective-mass ratio I'= 3000 [3], above a field
B>p = ®y/T's? in the ¢ direction the pancake vortices in
adjacent CuO; double layers with spacing s are essential-
ly decoupled [4]. Consequently, the vortex-lattice melt-
ing temperature in the limit of weak pinning is expected
to be the same as for a 2D superconductor of thickness s
(s=1.5 nm); i.e., for B> Byp=1 T it melts at about 30
K. Below the melting line it is natural to consider the
Abrikosov lattice as the ground state when investigating
fluctuation effects [5]. For the liquid state it can no
longer be expected that this is allowed [6]. The magnetic
properties in the liquid state may therefore deviate from
the well-known Abrikosov behavior. As we shall see
below, considerable deviations are indeed observed due to
fluctuations.

Note that the fluctuations suppress the melting line in
a field by over 50 K from the mean-field transition
T.=90 K. This can be contrasted with the fluctuation
effects in zero field [7] where the Kosterlitz-Thouless
(KT) transition at T, is suppressed by only 2 K below the
Ginzburg-Landau (GL) transition temperature 7.2 [8].

In this paper we report on magnetization measure-
ments on a high-quality Bi 2:2:1:2 single crystal in a com-
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mercial SQUID system with the field along the ¢ direc-
tion. The data are all taken in the vortex-liquid and nor-
mal regimes, i.e., in the fully reversible field-temperature
regime above the irreversibility or melting line. The crys-
tal weight and dimensions are 11.4 mg and 4%x4x0.11
mm?> and its lattice parameters are a=0.5333 nm,
b=0.5485 nm, and ¢=3.076 nm. The composition as
determined by microprobe analysis is Bi, 2Sr; ¢CaCu,Oy.
Details of the preparation will be published in Ref. [9].
High-resolution electron microscopy confirmed the high
purity of the crystal, for only minor traces of the 2:2:0:1
phase could be detected in a concentration of 2 out of
1000 CuO, double layers [10]. 7. has been determined
from the ac susceptibility transition in a 2.8-uT ac field
applied parallel to the a-b planes in a shielded dc environ-
ment of less than 0.3 uT. A linear extrapolation of the
%' (T) data to zero defined 7.(0) =88.1 K, and that to
x' = — 1, the transition width of 1.5 K, demonstrating the
uniformity of our sample.

In Fig. 1 our M(T) data are shown for various fields
(Hlic) between 0.1 and 5 T. The gradual decrease above
90 K indicates the effect of diamagnetic fluctuations [11].
Since this effect is negligibly small above 120 K, we
corrected for a background signal by subtracting M at
120 K. The data sets between 70 and 87 K display an
essentially linear behavior. Assuming linear M (T,H) be-
havior to be valid near H.,(T), as is the case in
Abrikosov’s solution, extrapolation to M =0 would deter-
mine T.(B). These intercepts are shown in the inset of
Fig. 1. It is seen that the resulting “7.(B)” increases
with increasing B, opposite to the usual behavior. We
stress here that we do not believe these data represent the
mean-field H.,(T), but rather that they demonstrate that
the simple linear construction fails, for reasons to be dis-
cussed below.

It has been recently pointed out [12] that the linear
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FIG. 1. Compilation of M-vs-T data of a Bi 2:2:1:2 single
crystal in fields of 0.1, 0.3, 0.5, 1, 2, 3, 4, and 5 T (bottom to
top) measured in both increasing and decreasing T runs. Inset:
“T.(B)” as determined by linearly extrapolating M (T) back to
M =0.

Abrikosov regime near H,, is very narrow in T because of
the large dH.»/dT values of the HTS. Our measure-
ments might therefore display the subsequent logarithmic
regime in which — M o« (®o/A2) In(BH.»/H), where B is a
constant of order unity, A(r) =0.7A,(0)(1 —¢) ~"? is the
Ginzburg-Landau penetration depth, and A,(0) is the
London penetration depth at 7=0. From the slope of
dM/dT vs In(H) the value of A, (0) can be determined;
see the inset of Fig. 2, where YBa,Cu;0; (YBCO) data
[13] are also shown. The YBCO data give A.(0)
=140%*9 nm, in good agreement with the literature
[14]. Our data, however, show a kink at about 1 T which
would lead to two values, namely, A,(0) =170 and 260
nm. In fact, a detailed comparison of our Bi 2:2:1:2 re-
sults with the computations of Ref. [12], taking
S= —podch/dT|Tr=l or 2 T/K, shows that neither the
upturn of “7.(B)” nor the field dependence of dM/dT
can be satisfactorily explained.

Additional evidence for deviations from the mean-field
theory is seen in Fig. 2 where the M (H) data above 0.1 T
are plotted for a series of temperatures about 7. Results
below 0.1 T and below 86 K (e.g., at 80 K) show an ini-
tial sharp decrease to M = —7200 A/m followed by a
steep rise to —2700 A/m at 20 mT (without correcting
for the demagnetization effect). This result seems in ac-
cord with the conventional magnetization about H.,. The
high-field behavior at 80 K also agrees with the Abriko-
sov prediction. Evidently, the results increasingly deviate
from the canonical behavior when T is increased. A
clearly detectable diamagnetic signal remains above
T.(0). It shows a fast increase which levels off at about 1
T and remains almost constant up to 5 T.

The data depicted in Figs. 1 and 2 are the major results
of this paper. They suggest that strong fluctuation effects
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FIG. 2. Compilation of M-vs-H data above 0.1 T at 80 K
(¢), 82K (m), 84 K (0), 86 K (@), 88 K (0), 90 K (a), and
92 K (A). Inset: A semilogarithmic plot of the slopes of the
linear parts of the M(T) data vs field (circles). Note the kink
at about B>p==1.0 T. For comparison the data of YBCO [13]
are shown as well (triangles).

play an important part in the experimental 7.(B). The
fluctuation diamagnetization has been reviewed in Ref.
[1]. The scaling of M and y' follows from the singular
part of the free energy per unit volume, or per unit area
per coupled layer when it is used in 2D:

F,xkgTEXPF(B/B) , (1)

where B=®y/E% and D is the dimensionality. The scal-
ing function F is different for each of the four regimes:
2D or 3D, weak or strong fluctuations (the latter being
the critical regime). The coherence length & diverges at
T. in the critical regime between 7. and TY; for D=2
this divergence is exponential, while for D=3, &4 (T
—T.)~" with v= %. The coherence length behaves
classically in the weak-fluctuation regime (WFR) above
TO, namely, as &4+ = &gL(0)tg 2, with to=(T —T2)/
TS In 2D a convenient interpolation formula has been
proposed [8): &4+==b "2 sinh[(bz./7) "], with b a di-
mensionless constant of order unity, t=(T—T,)/T,,
t.=(T2—=T.)/T., and & = £GL(0)r. "% The suscepti-
bility in zero field in the 2D WFR is [8]

— 220 = (nuokp T/303)E% . 2)
The scaling of M is given by
— M, =0F,/0B < (kg TE}X P/dy)F'(B/B) . 3)

The scaling function F' saturates at large arguments for
D=2 and grows proportional to (B/B)'? in 3D. For
small B, F' is linear in the argument. Low-field contours
of constant M would thus reveal the prevailing dimen-
sionality, because they are equivalent to contours of con-
stant BE4™P. For D=3 this leads to B (T —T2)'? in
the WFR and B« (T—T,)" in the critical regime. Both
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would then have downward curvature of such contours
for 3D. For D=2, on the other hand, the contours are
straight in the WFR and curve upwards in the critical re-
gime.

The inset of Fig. 3 shows contours of —M =10, 30,
and 100 A/m at T above 86 K. The curvature shows that
D =2. The dashed lines indicate that 7., =88.4+0.4 K
in agreement with our experimental definition of 7.(0).
For 2D, M,(B) should saturate to about —M =kzT?/
dys, so M=—390 A/m for Bi 2:2:1:2: This agrees
reasonably well with the value M =—310 A/m at 88 K
and 5 T (see Fig. 2). Note also that down to 0.3 T, M
indeed is constant. In Fig. 1 this corresponds to the point
at which all the lines coincide. The combination of M (B)
being a nonzero constant at 7.0 and the essentially linear
behavior of M vs T with increasing slope for smaller fields
causes “7T.(B)” as defined above to increase with B.

In the WFR the coupling strength between the super-
conducting layers was explicitly taken into account by
Gerhardts [15] and Klemm, Beasley, and Luther [16].
The dimensionality is represented by a parameter
r=(8/z)I ~'[£GL(0)/s1*> which, with T'=3000 and
E6L(0) =2 nm, is estimated to be r=4.6x10"% We
now compare our data with the theoretical M (B) curve at
T. depicted in Fig. 5 of Ref. [15]. In the regime between
B=1 and 5 T the magnetization is given by —M
=0.3kgT./s®y, which yields M =—120 A/m. This
value corresponds to our experimental data slightly above
T=92 K suggesting that this might be the mean-field
(BCS) transition temperature TMF. According to a re-
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FIG. 3. Comparison of —M®o/ksT (®o/4zT'B)'? vs S(T
— TM¥)/uoH plots for experimental data at 0.3 T (@), 2 T (o),
and 5 T (@) with the WFR theory [15] for layered compounds
with =10 "% and B/B; =0.3 and 5 (solid lines) and anisotropic
3D behavior (dashed line). The experimental data fit is ob-
tained with S=1.1 T/K, TMF=922 K, and B,=1 T. Inset:
Contours of constant M above 86 K for —M =10, 30, and 100
A/m. The dashed lines display the expected 2D WFR behavior
and define T2

mark in Ref. [8], TMF is shifted with respect to T by
an amount of order 7.T2InléG (0)/E.1=0.57.T2In..
With 7,=2.5x10 "2 [7] this amounts to TMF—T2=4.0
K, so that TMF=92 K is in accord with the above
analysis.

In addition, we compare with the temperature depen-
dence of M at B=0.3B, and B =58, shown in Fig. 7(b)
of Ref. [15]. For r <10 ~2 the scaling field B is given
by B, =3.7®y/Ts?=3.7B,p, yielding for Bi 2:2:1:2,
B,=1.07 T. In Fig. 3 the theory for r =10 "% is repre-
sented by the solid lines. The symbols depict our data at
0.3, 2, and 5 T. For comparison a theoretical anisotropic
3D result is depicted by the dashed line. As was conclud-
ed in Refs. [15] and [16] the shape of the curves is not
unique, but the scaling with By is. This horizontal scaling
is very sensitive to the choice of TMF, and not so much to
the value of S. Given the value of B; =1.07 T, the best fit
to the 0.3- and 5-T data was obtained with S=1.1 T/K
and TMF=92.2 K (solid lines in Fig. 3). The deviation
from the 0.3-T data occurs within a 1-K interval above
TMF_ For 5 T this interval is 15 times smaller. The 2-T
data show behavior similar to the 5-T results in accord
with the 2D nature of the fluctuations.

Both comparisons with the weak-fluctuation theory
point to TMF=92.2+0.5 K. Combining this with the
trend in the 7. (B) plot in Fig. 1 we estimate Smg=3 to 7
T/K. Such a large value seems to disagree with the best
fit in Fig. 3. However, it would be in line with Palstra’s
result S=7 T/K for YBCO [17]. The corresponding
coherence length would point to local pairing, since £(0)
=<1 nm.

The temperature dependence of the Ettinghausen effect
in YBCO [17] about T, could be well described by Ullah
and Dorsey [18]. Starting from the Lawrence-Doniach
model [19] and incorporating the interaction between
fluctuations, good agreement with the data was achieved
for S =7 T/K. However, a breakdown of scaling below
T. could not be explained by the mean-field approach.
We think this breakdown is similar to the deviating be-
havior of our in-field M (T) data in Fig. 1. Recently, Ike-
da and Tsuneto [20] computed the effect of fluctuations
on M(T) and found reasonable agreement with the
YBCO results [13] using S =3.7 T/K. However, a simi-
lar computation for Bi 2:2:1:2 by only changing I yields
M (T) curves which clearly disagree with our data, espe-
cially because “T.(B)” decreases with B. On the other
hand, Ikeda, Ohmi, and Tsuneto [21] were able to fit
their theory nicely to the in-field R(T) data on Bi 2:2:1:2
single crystals [22]. Because the interpretation of R(T)
curves may also involve thermally activated flux motion,
this agreement may be fortuitous. We therefore argue
that the magnetization data provide a stricter test for
theoretical models [23].

In summary, the apparent increase of “7.(B)” with B
actually reflects the 2D nature of the fluctuations. As the
system is cooled in a field, a gradual transition occurs
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from the normal state to a kind of mixed-state behavior
(the vortex liquid) that clearly deviates from the mean-
field behavior. These deviations are greatly enhanced
over what is seen in YBCO because of the extreme an-
isotropy of Bi 2:2:1:2. We leave it for further theoretical
research to clarify these intriguing features.
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