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Flux-line-lattice melting in Bi,Sr,Ca,Cu;0,,
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We have performed dc magnetization studies in the c-axis-oriented bulk Bi,Sr,Ca,Cu;0,, compound.
The penetration depth A, (T) is extracted from reversible magnetization data M (H) taking into account
fluctuations of the vortices. An “irreversibility line” is quantitatively compared with predictions of
flux-line-lattice (FLL) melting models. The results strongly suggest that the “irreversibility line” near T,
is associated with melting of FLL caused by thermal fluctuations.

It is now widely accepted that thermal fluctuations
play an important role in the thermodynamic and trans-
port properties of high-temperature supereonductors.
The large fluctuations are caused by the high transition
temperature T, the short coherence length £, and strong
anisotropy of these materials. The fluctuations are re-
sponsible for the ‘“anomalous” behavior of reversible
magnetization M (H,T).!”® Here the magnetization be-
comes independent of field at some temperature T*,
which is several degrees below the mean-field transition
temperature T, i.e., all M(T) curves for different H
cross at the temperature T*. The experimental results
have been well described in the model of a three-
dimensional (3D) XY critical point’ and in terms of the
Ginsburg-Landau fluctuation theory, using the lowest
Landau-level approximation.® Bulaevskii, Ledvij, and
Kogan® have shown that in the London regime where the
magnetization logarithmically changes with field, the ex-
istence of the crossing temperature T* is a result of
thermal fluctuations of vortices. They also argue that
the superconducting transition temperature Tgc in lay-
ered superconductors is the analog of the Kosterlitz-
Thouless vortex—antivortex dissociation temperature
which lies below T,,. Thus, the resistivity approaches
zero at Tgc. For T > Ty, the motion of dissociated
vortex—antivortex pairs give rise to dissipation. Further
Kogan et al.!° have demonstrated from magnetization
measurements in Bi,Sr,CaCu,0Oyg that vortex fluctuations
have a strong influence on the London penetration depth
A(T). On the other hand, strong fluctuations can lead to
melting of the flux-line lattice.!'” ' 1In the high-
temperature region where the London penetration depth
MT)<(1—T/T,)"'/2, 3D FLL melting models predict a
power law for the ‘“melting line” (ML) of the form
H, «<(1—T/T,)% with a=2."'"1¢ In Josephson-coupled
layered superconductors like Bi- and Tl-based com-
pounds, the thermal vortex fluctuations are enhanced due
to weak coupling between CuO, superconducting planes.
At the same time, for these strongly anisotropic super-
conductors, ‘‘irreversibility lines’” (IL’s) near 7, have
been shown to fit the power-law relationship
H; x(1—T/T,)* with a substantially smaller than 2 (e.g.,
Refs. 20 and 21 reported values of an exponent a close to
1), where the T, used is the measured superconducting
transition temperature. These results imply that IL in
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the vicinity of T, is not a 3D ML (here we discuss dc IL’s
which are suitable for comparison with predictions of
melting models'®).

In the present paper, evidence of vortex fluctuations in
Bi,Sr,Ca,Cu;0,, as well as quantitative comparison of IL
inferred from dc magnetization measurements, with pre-
dictions of the FLL melting models are given. We show
that IL close to T, can be identified with a 3D ML, tak-
ing into account correction to the A(T) due to thermal
vortex fluctuations and that it has a parabolic shape in
(I—t) with a relevant reduced temperature T=T /T,
where T, is the mean-field transition temperature.

The results are obtained from magnetization measure-
ments M(H,T) in a single-phase c-axis oriented
Bi,Sr,Ca,Cu;0,, compound with a superconducting
quantum interference device (SQUID) magnetometer
(Quantum Design-MPMSS) technique in a magnetic field
parallel to the c axis. We used the specimen preparation
method as reported in (Ref. 22). The high quality of the
sample was confirmed from careful x-ray [(©—20)
geometry and rocking curve], scanning electron micros-
copy, and metallographic analysis. Indexing the
(©—20) scans according to an orthorhombic structure
yielded the lattice parameters a=5.51£0.01 A,
b=5.19+0.01 A, and ¢=37.28+0.03 A. The platelet-
like grains have average dimensions of 5X5 um? in the
(ab) plane and 0.6 um along the ¢ axis. The high quality
of the measured sample was also confirmed by the zero-
field resistive transition of the 7, =109 K midpoint and
AT .(10-90%)~3 K. The set of irreversibility data
(H,T) was obtained by the points where the hysteresis in
M (H) disappears and where the Mgc(T) curve starts to
depart from the M, (T) curve.

Figure 1 shows the isotherms of the reversible magneti-
zation in a logarithmic field scale for temperature close to
T, after subtracting the normal-state background signal
measured at 200 K. The vortex fluctuation effect is clear-
ly demonstrated by the existence of the crossover temper-
ature T*=~106 K. Let us verify the fluctuation effect on
the penetration depth. According to Refs. 9 and 10, the

reversible magnetization for intermediate fields
bo/d*y? <<H <<H,, is
o nH,, kpT 167kyT*?

(1)

M= 1 =
327202,(T)  eH  ¢d ' apgdHVe
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FIG. 1. Reversible magnetization M vs magnetic field H ap-
plied parallel to the c axis at different temperatures in the vicini-
ty of T,.

where y? is the effective-mass ratio m./mg, d is the dis-
tance between weakly coupled superconducting CuO,
planes, A,, is the in-plane penetration depth, k=21, /&,,,
H_,(T)=¢,/2mE?, is the upper critical magnetic field, a
and 7 are parameters of the order unity, e=2.718... .
The second term in Eq. (1) is associated with fluctuations
and it leads to correction of the slope of the linear
M(InH) dependence which is given by

oM _ ®o
dnH 32722,

1—g(T)], @
TR )

where the correction term g (7T') is
32mky
=—
bod
The magnetic-field-independent magnetization at the
crossover temperature is

—M(T*)=(kzT*/$od)In(na/Ve ),

where In(pa/V'e )=~1 (Refs. 9 and 10). Using the experi-
mental value of M(T*)=—0.4 G (Fig. 1) we find d =~ 18
A. This value is in very good agreement with our x-ray
result (¢ /2~18.6 A) and others?®~ 25 and it can be con-
sidered as the average distance between Josephson-
coupled CuO, planes (see also Ref. 26).

Evaluating the slopes dM /dInH of Fig. 1 and using
Eqgs. (2) and (3), we determine A, (T) for both neglecting
and taking into consideration the correction term g (T).
These results are shown in Fig. 2(a). Here the fluctuation
contribution to A, (T) is very clear, particularly in the vi-
cinity of T,. This strong influence of vortex fluctuations
on A, (T) in Bi,Sr,Ca,Cu;0,, is similar to the result ob-
tained for Bi,Sr,CaCu,04.° From the temperature
dependence of A, (T) at T,q— T << T,

Aap (T)= Ay (0)[ T,o /2T o— 1]V, 4)

g(T) TAZ,(T) . (3)

one can derive’

T _ 167k T,0A3,(0)

: TcO ¢%d

Using Eq. (5) and g(7T*)=1, we find for our sample
Agp(0)=1240%10 A and T,,=111.6%0.1 K. Figure 2(b)
displays A, data as a function of (1—T/T,,) in a double
logarithmic scale. The dashed line in Fig. 2(b) is obtained
from Eq. (4) with A,,(0)=1240 A and T,,=111.6 K. As
can be seen, Eq. (4) without any fitting parameter, de-
scribes very well the experimental A, (T) data for high
temperatures when vortex fluctuations are taken into ac-
count.
It is interesting to estimate Tgc, which is shown to be’

(1_T* /TrO)
2(Ink+0.5)

(1=T* /T, )(Ay/E)?
X1n oAy /Cap , (6)
armin(A;/E,)

Tsc=T, |1

where A;=vyd is the Josephson length. Using y =31
(Ref. 27) and d =18 A, we have A;=558 A. From exper-
imental values for T* =106 K, A,,(0)=1240 A and con-
sidering £,,(0)=10 A (Ref. 4), one can calculate
Tsc=110.3 K and T,,—Tsc=1.3 K. The obtained
T, T difference in Bi,Sr,Ca,Cu;0,, is smaller when
compared with more anisotropic compounds,
Bi,Sr,CaCu,04 [T.o— Tsc=2.1 K (Ref. 28) or 3 K (Ref.
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FIG. 2. (a) Temperature dependencies of the in-plane
penetration depth A,, obtained from the slopes oM /dIn H
neglecting ( O) and taking vortex fluctuations into account (V).
(b) The same results in a double logarithmic scale A, vs
(1—T/T,); the dashed line is obtained from Eq. (4) with deter-
mined parameters A,,(0)=1240 A and T.,=111.6 K.
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29)] and T1,Ba,CuOg¢ [T, o—T5c=2.6 K (Ref. 6)]. This
result is consistent with the theoretical expectation.’

The penetration depth data of Fig. 2 allow us to make
a quantitative comparison of the IL with a theoretical
ML. Below a crossover field H,p_sp=~¢o/y’d?, the
melting phase transition is of a 3D nature and for mag-
netic fields applied parallel to the ¢ axis, ML is given by
the following expression:'>~16

H,(T)= i ¥)
” 167k 3udy At (DT? ’

where c¢; is the Lindemann number. Using the experi-
mental data of A, (T),y =31, and ¢; as a free parameter,
we can calculate H,, (7). In Fig. 3(a) the calculated
values of H,,(T) using Eq. (7) are presented. As seen in
this figure, H,, (T) values, taking into account fluctuation
corrections for A, (T) and using ¢; =0.28, match per-
fectly our experimental low-field and high-temperature ir-
reversibility points.®° At the same time, it is not possible
to fit the experimental data using A, (T) without the fluc-
tuation corrections. The dashed line in Fig. 3(a) corre-
sponds to the best approach to the IL for this case. Sub-
stituting Eq. (4) in Eq. (7) one can have for temperatures
1-T/T, (<1,

H,(T)=A(1-T/T,)?, (8)
where

5.4
docr

4r *kgugy Mg (0)TS

Taking A, (0)=1240 A, T,,=111.6 K, y=31, and
¢; =0.28, we obtain 4 =0.6 T. In order to further test
the melting models we have plotted H,, as a function of
(1—T/T,y) in a double logarithmic scale [Fig. 3(b)]. The
agreement of the experimental IL data with Eq. (8) is ex-
cellent [solid line in Fig. 3(b)]. Here we have also plotted
the dc irreversibility data from (Ref. 20) for
Bi,Sr,Ca,Cu;0, assuming the same value of T,,. They
coincide with our IL. The inset of Fig. 3(b) presents the
same data now replotted in terms of (1—7/T,) with
T,=109 and 108 K as obtained in the present work and
in Ref. 20, respectively. The dashed line corresponds to
the relationship H <(1—T/T,)%. As seen, the behavior
of IL’s in this case is qualitatively inconsistent with the
3D melting result and thus illustrates the importance of
using the relevant reduced temperature T=T /T,, when
testing melting hypotheses, particularly in strongly aniso-
tropic superconductors where the (T,,—T,) difference
can be sufficiently large. The Josephson coupling changes
the dimensionality of the FLL with field. Above the
crossover field H,p_3;p=0.64 T, the FLL has 2D charac-
ter and different mechanisms can be responsible for
defining the IL in this region.!*3! The deviation of experi-
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mental IL from 3D ML with increasing field is clearly
seen in Fig. 3. The large field and low-temperature part of
IL can be approximated by the power law
H(T)x(1—t)* with an exponent a=>4. Discussion of
this regime is not within the scope of the present work.

In summary, the results for Bi,Sr,Ca,Cu;0,, presented
here show that the behavior of the magnetization curves
M (H) in the fully reversible regime above IL can be con-
sistently described by the vortex fluctuation theory of Bu-
laevskii, Ledvij, and Kogan.’ The system parameters are
determined. They are crossover temperature T*=106
K, mean-field transition temperature T,,=111.6+0.1 K,

superconducting or vortex unbinding temperature
Tgc=110.3 K, London penetration depth
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FIG. 3. (a) (O) Our irreversibility data points in the low-field
limit; (X)) calculated melting line data using Eq. (7) with experi-
mental values of A, (T), taking into consideration vortex fluc-
tuations and the Lindemann number ¢; =0.28. The dashed line
corresponds to the best approach to the IL, using Eq. (7) with
Aq(T) neglecting fluctuations (¢, =0.34). (b) (O) Our irrever-
sibility data in the whole measured range of the (H-T) plane in
double logarithmic scale H vs (1—T/T,); (A) irreversibility
data points of Ref. 20, assuming the same value of T,,=111.6
K. The solid line is the calculated melting line
H,=A(1—T/T,)* with A=0.6 T (see text). Inset: the same
data replotted in terms of (1—7/T,); the dashed line corre-
sponds to H < (1—-T/T,).



1498 BRIEF REPORTS 49

Ag(0)=1240%10 A, and the distance between weakly
coupled CuO, planes d =18 A. The results give evidence
for a strong fluctuation effect on A,,(7T) similar to that
observed in Bi,Sr,CaCu,04.!° The IL is quantitatively
compared to predictions of 3D FLL melting models,'! ™ '¢
using the determined system parameters. From this we

conclude that IL close to T, is associated with 3D melt-
ing of FLL caused by thermal fluctuations.
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