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The lower critical field H,,(T), temperature and field dependences of the critical current j.(7, H), and
the normalized magnetization relaxation rate d (InM)/d (Inz) have been studied for two orientations of
the magnetic field H||c and HLlc in Pb,Sr,R,_, Ca, Cu;044, (R =Y,Dy) single crystals having practically
a cubic shape with characteristic dimensions 0.6X0.6X0.5 mm®. H,,(T) shows for H||c a positive cur-
vature with decreasing temperature without the usual low-temperature saturation found for the Hlc
orientation. This anomalous H!{(T) behavior is related to the modification of the character of the field
penetration in a layered structure consisting of a stack of superconducting and nonsuperconducting
planes. The temperature dependence of the normalized relaxation rate S =d (InM) /d (Int) shows a max-
imum at temperatures where the largest anisotropy of the critical currents is observed. Magnetic mea-
surements have been used to obtain current-voltage characteristics from the damping electric field deter-
mined by the magnetic-flux creep rate. The analysis of j.(7,H), the temperature and field dependences
of d (InM)/d (Int), and of the H,(T) data shows that a continuous decoupling of the pancakelike vor-
tices takes place with increasing temperature or magnetic field. A striking similarity between the tem-
perature dependences of the normalized relaxation rate observed for H||c and the H orientation very
close to Hlc implies that the flux-phase dynamics is mainly determined by the component of the applied
magnetic field normal to the (a,b) planes, i.e., by the thermal activation of the motion of the pancake
vortices in Pb,Sr,R;_,Ca,Cu;0s,,. This material is of particular interest, because its anisotropic be-
havior is intermediate between that of YBa,Cu;0, and Bi,Sr,CaCu,0, and its T, ~80 K is comparable
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to that of Bi,Sr,CaCu,0,.

I. INTRODUCTION

Among other high-T, oxides, the recently discovered
family of superconductors Pb,Sr,R;_,Ca, Cu;04 5 (Ref.
1) has not been studied in detail yet, which is mainly re-
lated to difficulties in obtaining relatively large high qual-
ity single crystals. As a result, only a few reported inves-
tigations?~> have been performed so far on single crys-
tals. Reedyk et al.* studied temperature dependences of
lower critical fields H,(T) and London penetration
depths L (T). The characteristic scale for the flux-creep
activation energy U,=~20-90 meV was obtained by
Pradhan et al.® on a Pb,Sr,Y,_,Ca,Cu;Oy4,5 single
crystal with T, =35 K, which is noticeably smaller than
the highest possible T, for this system, typically about 80
K12

Using the flux growth method from the non-
stoichiometric melts with an excess of PbO, SrO, and
CuO (Ref. 2), we were recently able to obtain quite large
high quality single crystals having an almost perfect cu-
bic shape. To grow the crystals, the crucible was quickly
heated up to 1030°C, held at this temperature for 30 min
and then cooled to 800°C at 5°C/h and to 550°C at
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20°C/h. Then the crucible was cooled in the furnace in a
flow of N, gas. The single crystals were carefully extract-
ed from the flux and the composition determined by the
Xx-ray microprobe using a JSM-820 Jeol electron micro-
scope with an accuracy of +0.1%. All measurements re-
ported in the present paper have been carried out on the
Pb, 40S1; 00R .67Cag.33Cu3 0905+ 5 (R =Y,Dy) single crys-
tals with T,~80 K and characteristic dimensions of
0.6X0.6X0.5 mm>3. We have studied temperature, time,
and field dependences of the magnetization M on a
MPMS2 Quantum Design SQUID magnetometer’ with
the scan length 3 cm, corresponding to a field homogenei-
ty of better than 0.05%.

II. LOWER CRITICAL FIELDS

As we have already mentioned, an almost cubic shape
of the available single crystals makes them very suitable
for studies of the anisotropy of different superconducting
properties. The demagnetizing factor n,; calculated in
the approximation of an inscribed ellipsoid® ™ !° for our
samples is nearly the same for both H|lc(n;~0.371) and
Hlc(n,;~0.315) orientations. This difference in the

8212 ©1993 The American Physical Society



47 LOWER CRITICAL FIELDS, CRITICAL CURRENTS, AND ...

demagnetizing factors ny; (H||c) and n,; (Hlc) is much
smaller than that for typical plateletlike high-T, crystals.

Temperature dependences of the magnetic moment
P, =MV of Pb,Sr,Y,_,Ca,Cu;O4,.5 where M is the
magnetization and V is the volume of the crystal, are
given in Fig. 1 for H=10 G. We note that all magnetic
data are presented throughout this paper in P,, vs T,H
plots rather than in M vs T,H curves to exclude an addi-
tional error in M appearing because of uncertainties in
the volume determination. The P,, vs T curve (Fig. 1)
shows a sharp superconducting transition with the same
transition temperature 7,~80 K for the two systems
Pb,Sr,Y,_,Ca,Cu;04,5 (PSYCCO), see Fig. 1 and
Pb,Sr,Dy,_,Ca,Cu;04.,5 (PSDCCO), see Fig. 2(a). The
lower the applied magnetic field, the sharper the super-
conducting transition. As in all other known high-T, ox-
ides, the saturation value of P,, at T—0 is much smaller
for the Meissner field-cooled (FC) than for the shielding
zero-field-cooled (ZFC) measurements.

The magnetization of single crystals with Dy consists
of two contributions arising from the diamagnetic
response of the superconducting state and the paramag-
netic response form the rare-earth Dy>* ions. The latter
is strongly field and temperature dependent. In high
fields and at lower temperatures, the paramagnetic
response dominates over the diamagnetic one as shown in
Fig. 2(b), where the resulting PY(T) curve measured for
H=535.6 G lies (for T = T_) completely in the paramag-
netic region [Fig. 2(b)]. The paramagnetic component
can be fitted by a Curie-Weiss dependence
M =const/(T +®) with a parameter ® = —3 K in quali-
tative agreement with the effective magnetic moment of
an isolated Dy ion.

A detailed analysis of the PEC(T) data is presented in
Fig. 3 where a strong field dependence of the Meissner
fraction is demonstrated for both Hjlc and Hlc field
orientations. The effective magnetic field H.; has been
calculated by taking into account the demagnetizing
fields.

The drastic suppression of the Meissner fraction by an
applied field implies that in order to obtain the full 100%
Meissner effect, very low fields (less than 1072 G!1™1)
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FIG. 1. Temperature dependence of the magnetic moment
P, of a Pb,Sr,Y,_,Ca,Cu;O4, single crystal, H=10 G:
O=ZFC, H|lc,A =FC, H||c,0=ZFC, Hlc¢, © =FC, Hle.
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FIG. 2. (a) Temperature dependence of the magnetic moment
P, of a Pb,Sr,Dy, ,Ca,Cu304, single  crystal
(H|jc):0=ZFC, O=FC. (b) Temperature dependence of P,,F¢
and (dP,"©)"! of a Pb,Sr,Dy,_,Ca,Cu;Oq;, single crystal,
H=535.6 G, H||c.

must be used.

The magnetic moment vs field curves measured at
different fixed temperatures have been used to determine
the lower critical field. For this purpose we subtracted
first the ideal linear contribution corresponding to the
full diamagnetic response. Then the resulting difference
8P,, is analyzed by the extrapolation method!'*!* which is
based on the simple behavior 8P,, ~(H—H,,)?, useful for
practical purposes in finding H,; as the field where the
linear (8M)'/? vs H dependence intersects the H axis of
the (8P,,)'” vs H plot (Fig. 4). For a slab with thickness
d or a cylinder with radius R, the following relation be-
tween 8M and H is valid'*

_ (H—H,) (H—H,,)
2(H*—H,,) 4H*—H,)
2H,,(1—m)(H—H,,)
+ , (1
(H*_Hcl)

where H*=j,d /5 for a slab and H*=41j.R /10 for a
cylinder and 0=m., =1. The extrapolation method may
be used in this form when the field dependence of critical

T U
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FIG. 3. Field dependence of the Meissner phase of a
Pb,Sr,Y,-,Ca,Cu;03,, single crystal at 5 K: O=H]c,
A =Hlec.
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FIG. 4. 8P}/? vs the demagnetization-corrected field HsH||c
for Pb,Sr, Y, _,Ca,Cu;04,,

current j.(H) is negligible and the second term in Eq. (1)
is much smaller than the first one. As it is illustrated in
Fig. 4, a good linearity of (8M)!/? vs H,q is clearly seen
for Hjc in a wide range of fields and temperatures. For
Hlc, the (8M)!/? vs H, 4 curve has a more complicated
shape, indicating the importance of the second term in
Eq. (1).

Figure 5 shows temperature dependences of lower criti-
cal fields obtained by the extrapolation method. We
should note here that our Hi{(T) data give the highest
possible estimate of HL¢, which means that the real H
values might be even lower. For the Hj|c orientation
there is a good agreement of our H!¢(T) data with those
reported earlier by Reedyk et al.* which are also
displayed in Fig. 5, with H!{(0)=500 G. For the Hlc
case, we have obtained systematically lower H_, values,
compared to Ref. 4, with H(0)=16 G. The anisotropy
parameter

T=(m,/my)"*=HIS/H=L./L,, =31

c

gives the effective-mass ratio m,/mg,, = 960, indicating a
well-defined regime of a weak coupling between super-
conducting CuO, bilayers along the c¢ axis. The quasi-
two-dimensional (2D) character of high-T, oxides has
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FIG. 5. Temperature dependence of the low critical field H,,
of a Pb,Sr,Y,;_,Ca,Cu;04,, single crystal: O0=Hlc, O =Hlc
(A =H)|c and O =Hlc data taken from Reedyk ez al. in Ref. 4).
Inset: H.(T) curves calculated for S-N-S multilayers with
different weight coefficient o of N layers (curve 1—o =S5,
2—o0=10, 3—0=100) (data taken from Golubov et al. in Ref.
28).

been emphasized before for Bi,Sr,CaCu,0,
(I'=50-140),'®!" Tl,Ba,CaCu,0, (I'=70),'"® and for
YBa,Cu;0, (I'=5).1972!

The anomalous temperature dependence of HIS(T) is
also a signature of the layered structure of high-T, ox-
ides, which may be effectively treated as S-N-S or S-I-S
multilayers with the superconducting CuO, layer separat-
ed by nonsuperconducting layers.?>~2® The contribution
arising from these layers leads to an appearance of a posi-
tive H, (T) curvature at low temperatures. We have
made a qualitative comparison of our measured H/S(T)
curve with the model calculation?® for the S-N-S multi-
layers (see inset of Fig. 5). The theoretical fit may de-
scribe an anomalous positive curvature of H!S( T), though
the constraints used in Ref. 28 might not be suitable for
the case of high-T, materials, where the space layers may
be insulating.

Due to ambiguities in the determination of HL{(T), we
are not discussing the Hi$(T) dependence given in Fig. 5
and also its difference with the data reported by Reedyk
et al.* Nevertheless, we are sure that our data give only
an upper limit for H(T), i.e., the real anisotropy may be,
in fact, even essentially higher than I'=31 mentioned
above.

Having an anisotropic (I" = 31) superconducting sam-
ple with practically a cubic shape, it was interesting to
check experimentally the theoretical calculation® ™32 for
the field dependences of the magnetic moment for
different angles between H and the c axis. Plotting the re-
versible part of the magnetic moment for Hlc vs H (Fig.
6), we clearly see the presence of the two maxima, in
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FIG. 6. Field dependence of the reversible magnetic moment
PREV of a Pb,Sr,Y,_,Ca,Cu;0q4, single crystal, H near Hlc
direction, T =30 K. Inset: Full magnetic moment M vs exter-
nal magnetic field H for various angles @, in an ellipsoidal sam-
ple of a layered superconductor (data taken from Buzdin et al.
in Ref. 30), where @, is the angle between the ¢ axis and the
field direction.

correspondence with the theoretical P, (H) data for
®,=85°% i.e., for small tilt angles a=(7/2)—0,=5°,
where ®, is an angle between the vortex lattice and the ¢
axis.’® From this point of view, the real H orientation in
our experiment seems to deviate by an angle of a~5°
from the CuO, planes. For tilted fields this results in*!

lle
cl

H.$ “measured” =H{+
cos®,

’

and the difference between our estimates for HS (Fig. 5)
and Reedyk’s data* may be easily explained as originating
mainly from a small misorientation, which, however,
might be very important for strongly anisotropic super-
conductors.

Field dependences of the magnetic moment P,, (H) can
be decomposed into two parts corresponding to reversible
(PREV) and irreversible terms (PRR):33736

PREV(H)=1[PY(H)+P, (H)], 2)
PRR(H)=L[P}(H)—P, (H)], A3)

where P, (H) and P, (H) are the upper and lower
branches of hysteresis loops, respectively. The reversible
contribution arises from the vortex lattice magnetization
and it can be used to derive the temperature dependence
of the penetration depth L. The Ginzburg-Landau (GL)
analysis gives for the anisotropic 3D superconductors the
following relation:®’

Mle=_ P l HI*

In , 4
3272L2 H!$B @

where @ is the flux quantum, L, is the a,b-plane
penetration depth, and S is a constant. The theory of the
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FIG. 7. Field dependence of the reversible magnetic moment
PXEY of a Pb,Sr,Y,_,Ca,Cu;04., single crystal, H|c, T =65
K

Josephson-coupled quasi-2D layered superconductors
predicts for the H orientations not too close to Hjjab a
similar relation for the magnetization component perpen-
dicular to the (a,b) plane:*

172
nH);

Hle

_®
16m%L,,*

Mle= — , (5)

+a2D

where a,p is a vortex core contribution and 7 is a con-
stant of order 1 for a hexagonal lattice. Using Eq. (4), we
calculated the temperature variation of L,,, which can be
deduced from Fig. 7. By plotting P,, vs InH, we see that
there is a wide range of fields where Eqgs. (4) and (5), pre-
dicting a P,, vs InH relation, are fulfilled. The slope
dP,, /d (InH) gives L% T) (see Fig. 8), which follows a
BCS-like behavior (solid line in Fig. 8 and dashed lines in
Fig. 9). The difference between our data (open circles,
Fig. 9) and those reported by Reedyk et al.* (open
squares, Fig. 9) is eliminated after the proper normaliza-
tion by the different T, values (T,~80 K, Fig. 1 and

c
T.=~75 K, Ref. 4). We have obtained the zero-

(L s (um)) 2
6

51

L

0.95 T/T,

0 .
0.75 0.85

FIG. 8. L;?> vs normalized temperature for
Pb,Sr,Y,_,Ca,Cu;04,,, H|lc where L, is the penetration
depth of the a,b plane.
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FIG. 9. Temperature dependence of the penetration depth L
of a Pb,Sr, Y, ,Ca,Cu;03,, single crystal O =H|c (O=Hjc
and A =Hlc data taken from Reedyk er al. in Ref. 4).

temperature penetration depth in the ab plane
L,,(0)=1860 A, which is in agreement with
L,,(0)=2575 A (Ref. 4) and not far from the L, (0)
value in YBa,Cu;0, [L,,(0)=1300-1700 A (Refs. 14,
38, and 39)] and Bi,Sr,CaCu,0, [L,,(0)=3000 A (Ref.
40)].

III. CRITICAL CURRENTS

The irreversible part of the magnetization [Eq. (3)]
determines the behavior of the critical currents j.. For
Hjjc, the correspondence between j, and the width of
hysteresis loops is given by the isotropic Bean model, 33
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whereas for Hlc the derivation of j. should be based on
the anisotropic Bean model.*® This procedure has been
used to find the j.(H,T) dependences. Figure 10 shows
the zero-field temperature variation of j. of PSYCCO for
both Hjc and Hlc orientations and compares it with
PSDCCO for Hllc. The j (T) curve is characterized by a
quasi-exponential dependence observed previously in oth-
er high-T, oxides (see Fig. 11). However, there is a no-
ticeable change of the j.(7T) slope around 7= 15-20 K
(T /T,=0.25) which occurs continuously in YBa,Cu;0,
[Fig. 11(@)]*~* and in Pb,Sr,R,_,Ca,Cu;04,, (Fig.
10), but abruptly in Bi,Sr,CaCu,0,*~* [Fig. 11(a)]. As
was suggested before,*’ this type of anomaly seems to be
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=My (dM/dint)
0‘1 2‘ T —

‘ e
| ~¢- vyBCO

FIG. 11. (a) Temperature dependence of the critical current:

O=Bi,Sr,CaCu,0, (Ref. 44), <>=YBa2Cu3Oy (Ref. 41),
A =Ba,_,K,BiO; (Ref. 54), O =Pb,Sr,Y,_,Ca,Cu3;04,,. (b)
The temperature dependence of the normalized relaxation rate
S: O0=Bi,Sr,CaCu,0, (Ref. 44), (>=YBa2Cu3Oy (Ref. 41),
A =Ba,_,K,BiO; (Ref. 54), 0 =Pb,Sr,Y,_,Ca,Cu;04,.
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FIG. 12. Field dependence of the critical current of
Pb,Sr,Y,_,Ca,Cu;04,, H|c at various temperatures.

caused by the crossover from the classical Abrikosov vor-
tex lattice with pinning of straight flux lines by individual
pinning centers at low temperatures to the new regime of
collective pinning arising from decoupled quasi-2D pan-
cake vortices, taking advantage of pinning by neighbor-
ing pinning centers in each plane. In this case, because of
a weak coupling between superconducting planes, the
flux line becomes more flexible to be pinned by many pin-
ning centers in different decoupled CuO, planes, although
these centers do not form a straight line parallel to H.
The crossover from individual to collective pinning leads
to an enhancement of j. which is evidenced by the de-
crease of the dj,/dT slope around T° [see Figs. 10 and
11(a)]. A similar j, enhancement caused by the change of
the pinning mechanism is also observed when the temper-
ature is held fixed and instead the applied field is
varied*’ ™33 (Fig. 12). From this point of view, the field-
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FIG. 13. (a) Temperature dependence of the critical current
anisotropy jl/j! for a Pb,Sr,Y,_,Ca,Cu;0q., single crystal.
(b) Temperature dependence of the normalized relaxation rate
S =M;'dM /d (Int) of a Pb,Sr,Y,_,Ca, Cu;04., single crystal:
O=H]lc, A=H.lLc.
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induced decoupling of the pancake vortices*’ may explain
the appearance of the so-called ‘“peak effect” (Ref. 51) in
high-T, oxides, when j. becomes larger with increasing
field, forming a fishtail shape®®>! or butterflylike®? hys-
teresis loop.

The anisotropy of critical currents K;= =jl/j} deter-
mined from magnetization data for H=0 i 1s slowly chang-
ing with temperature [Fig. 13(a)] and it has a maximum
K;=~12 at a temperature close to T°". At the same tem-
perature the normalized relaxation rate
S =d(InM)/d (Inz) [Fig. 13(b)] also exhibits a maximum.
The details of the S (T) behavior will be discussed below.

IV. FLUX CREEP

To get an idea to what extent the temperature varia-
tion of critical current is related to the change of the pin-
ning potential U,, we have also studied the relaxation of
the magnetic moment, thus deriving from these data the
information about the U, vs T dependences. Flux-creep
processes were studied in the regime of the remanent
magnetization measured after applying a magnetic field
H=20 kG, which is larger than the characteristic field
H* (Ref. 35) of the onset of the full field penetration for
both orientations of H.

The time dependences of P,, follow a logarithmic de-
cay law, at least in the interval r =10°-4X 10 s used in
our experiments. To separate the temperature variation
of U, from the j(T) dependence, it is important to use
the normalized relaxation rate S =(1/My)dM /d (Int),
where M, is the initial magnetization value. The S vs T
curve has a N-like shape with the maximum at
T=T®=12 K [Fig. 13(b)]. We should note here that
the unusual N shape of the S (7T) dependence is now wide-
ly discussed in the literature. To compare the tempera-
ture variation of the normalized relaxation rate S(7) in
different oxide superconductors, we have plotted in Fig.
11 the j (T) and S(7T) data for Ba, K, BiO, (BKBO),>*
YBa;Cu;0, (YBCO), #3457 Bi,Sr,CaCu,0,
(BSCCO),* 46 and PSYCCO. In isotropic cubic BKBO,
superconductors j(7) and S(T) are monotonous func-
tions of temperature, with the smaller j.(7T) values at
high temperatures [Fig. 11(a)] being in a correspondence
with the larger S(7T)~1/Uy(T) values [see Eq. (6) and
Fig. 11(b)]. In layered YBCO, BSCCO, and PSYCCO su-
perconductors, the situation concerning S(7) and j (T)
is more complicated. In quasi-2D BSCCO and also in
T1,Ba,Ca,Cu;O, (Ref. 58), there is a kink in the j.(T)
dependence at T =TR (Ref. 59) see Fig. 11(a), which is
accompanied by a sharp suppression of the S(7) values
at the same temperature T = T R;4746.58 see Fig. 11(b).
In YBCO superconductors there is a wide plateau on the
S(T) curve [Fig. 11(b)], which is related to the
modification of the exponential variation of j. in the
same temperature range. The j (7T) and S(T) depen-
dences for PSYCCO (Fig. 11) look like an intermediate
case between quasi-2D BSCCO and strongly 3D-like
YBCO. The plateaulike dependence of S(T) is quite
often considered*"">*~%’ as evidence for the existence of
the vortex glass phase. %%

Usually the magnetization relaxation process is caused
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by the thermal excitation of a vortex line over a charac-
teristic potential barrier U,.%' This process also leads to
a decrease of j, (Ref. 62) and the normalized relaxation
rate S (T) is determined by®>%

kT

SO = = kT (e /7o)

(6)

There are two well-known relations available between the
pinning potential U, and the critical current. In the An-
derson model®! we have

UG)=Uy(1—j/jo) » %)

whereas in the Zeldov model®>® a logarithmic relation
holds:

U(j)=Uyn(jo/j) - )

The simple substitution of U (j) into Eq. (6) shows that
neither Anderson’s®" nor Zeldov’s®>® model can inter-
pret successfully the experimentally observed S(T) pla-
teau, since both models predict an upward S(T) curva-
ture which at most corresponds to the isotropic BKBO
case but not to the S(7T) behavior in layered high-T, ox-
ides [Fig. 11(b)].

In the framework of the collective pinning®”®® and vor-
tex glass>>® models, we have
Uy | | jot D "
U(j)=—2 <0 —1] )
12 J
and
21n
Jeol T)=jego |1~ T ] ,
vam=vg |1 [Z ] o
0 00 Tc ’

where p and n are constants. It is possible to obtain a
plateaulike S(T) dependence,® though the fitting pro-
cedure involves quite a large number of fitting parame-
ters. We should not be very enthusiastic at this point,
however, since our experimental data for PSYCCO con-
vincingly demonstrate that with the increasing decou-
pling between CuQO, superconducting planes, the plateau-
like S (T) dependence is transformed into the N-like S (T)
curve [Fig. 11(b)] with a maximum at T =T®=10-20
K. Moreover, in quasi-2D BSCCO superconductors this
maximum becomes much sharper, with a drop of S(T) by
a factor of 6-10 (Refs. 44—46) in a very narrow ( <2 K)
temperature interval. The observation of a very sharp
drop of S(T) at T=T®=15 K in BSCCO made it
necessary to put forward an idea about changing to a new
pinning mechanism at T > T°R (Refs. 44 and 46).
Summing up this section, we note that a continuous
decoupling of the superconducting CuO, planes results in
a strong modification of the S(T) dependences with in-
creasing temperature from a monotonously growing S (7))
in cubic BKBO (Ref. 54) compounds through intermedi-
ate plateaulike (YBCO) and N-like (PSYCCO) S(T)
curves to a sharp low-temperature anomaly in quasi-2D
BSCCO superconductors.** 6 The proper theoretical

description of the whole range of the S(7) behavior in
layered superconductors with a varying degree of decou-
pling between superconducting planes is still lacking. We
may only suggest here that the sharp low-temperature
S (T) maximum, which seems to be not reproduced by ei-
ther vortex glass>>® or by collective pinning®”%® models,
appears to be due to an abrupt onset of a different pin-
ning regime (Fig. 11). This speculative idea is also sup-
ported by the observation of the pronounced kink in the
j.(T) dependence at T =TR [Fig. 11(a)]. One of the
possible scenarios for a change of the pinning mechanism
was proposed by Fisher et al.*® In layered superconduc-
tors at low temperatures and in low fields, the interlayer
coupling is playing a more dominant role, resulting in a
3D behavior, though strongly anisotropic. With increas-
ing temperature, the crossover from 3D vortex lines to
quasi-2D pancakelike vortices occurs, and in each CuO,
superconducting plane the pancakelike vortices can take
advantage of being decoupled from other vortices to
move to available neighboring pinning centers to optim-
ize their pinning potential. In this case, the full vortex
line, consisting of all pancakelike independent vortices
sitting one underneath the other in different supercon-
ducting CuO, planes, is sufficiently flexible to realize a
higher total effective pinning potential U, and, conse-
quently, a smaller S value. Such a crossover should be
accompanied by the appearance of a power-law behavior
of the current-voltage (I-V) characteristics.

Current-voltage characteristics can be successfully
used for studies of the dissipation processes in type II su-
perconductors. Within the framework of the Kim-
Anderson model, ! the flux creep leads to a finite dissipa-
tion corresponding to the existence of the finite resis-
tance:

.V
R; =lim— ,
L 11_13)1

which is a linear function of temperature 7 with the zero
resistance state being realized only at T =0.% Recently
new possible flux phases have been proposed by Fisher
et al.,>®% including the vortex glass (VG) phase with the
frozen positions of the individual flux lines. These re-
strictions for the flux motion are also accompanied by a
weaker dissipation which results in a power law for the
current-voltage characteristics for D-dimensional sam-

ples,59,60

E(j’T:Tg):j(Z+l)/(D~1)’ (11)

where j is the current density, E is the electric field, and
Tg is the phase-transition temperature. For T < Tg, ac-
cording to the VG theory, a negative curvature of the I-V
curves should be seen on the logl-logV plot, in contrast to
the positive curvature expected from the Anderson-Kim
flux-creep model with ¥ «sinh(I/I,,).%! From this point
of view, the change of curvature of the logl-logV plot
may be interpreted as an indication of the transition into
the vortex phase.

Conventional methods of the I-V measurements are
limited by poor voltage resolution. On the other hand,
the derivation of the voltage from the flux-creep
data’~7? has an advantage of making available the pico-



volt range for current-voltage characteristic studies. The
underlying idea is quite simple. The shielding current it-
self can easily be found from the corresponding width of
the magnetic-moment hysteresis loop, while the electric
field E may be obtained on the basis of the Faraday in-
duction law

1 do _ 3pd dpP,

E= —= ,
27R dt 272R? dt

(12)

where P,, and R are the magnetic moment and the radius
of the sample, respectively, and I =3.328 (Refs. 73,74).

As in classical type II superconductors, e.g., Nb-Ti and
Nb;Sn, where V =kI", with n =15-150 (Ref. 75), we
have also found quite large n values for the PSYCCO sin-
gle crystals: n ~25-45. All our flux-creep measurements
have been done in the regime of the critical state, i.e.,
when the applied magnetic field H=2T was much higher
than the field H* of the onset of the full field penetration.
The I-V curves (Fig. 14) follow the power law

E=Ey(j/jo)" (13)

with the exponent n being strongly suppressed by mag-
netic field. We have also tried to fit an exponential rela-
tion between j and E as predicted in Ref. 61, but under
these conditions the fitting gets worse. For long enough
times (¢ = 100 s) the n value in the power law [Eq. (13)] is
inversely proportional to the normalized relaxation
rate:”>7*
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FIG. 14. Current-voltage  characteristics of a

Pb,Sr, Y, Ca,Cu;054, , single crystal at H=0.
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=1
5

d(InE)

TS

(14)

Therefore the exponent 7 in Eq. (13) is expected to have a
minimum at temperatures where the S(7) dependence
has a maximum (Fig. 15). To check the validity of the re-
lation nS =1 [see Eq. (14)], we have plotted the product
nS vs T (Fig. 16), with both parameters determined from
the magnetization measurements: S as the normalized
flux-creep rate and n as the slope of the InE vs Inj plots
(Fig. 14). It turns out that the simple relation nS =1,
originating from the Faraday law if the E vs j depen-
dence really corresponds to Eq. (13), is fulfilled in the
whole range of temperatures 7' < 60 K used in our experi-
ments [see Figs. 16(a) and 16(b)]. The typical n values are
in the range 25-45 (Fig. 15), which implies the presence
of a quite sharp, well-defined critical behavior for the I-V
curve on a picovolt voltage scale (Fig. 14). The latter is a
very low value not so easily achieved in conventional
methods of 7-V measurements.

Next we would like to turn to the discussion of the an-
isotropy effects. First of all, we are starting from a re-
markable similarity between the S(T) dependences for
both Hjjc and Hlc orientations [Fig. 13(b)]. There are
some reasonable arguments given above for the interpre-
tation of the appearance of the S(7) maximum at low
temperatures for the Hjjc orientation. These arguments,
however, seem to be quite irrelevant to explain the same
S (T) behavior for the Hlc orientation. We think that
the similarity of the S (T') behavior for H|lc and Hlc [Fig.
13(b)] is directly caused by a small (e~ 1°-3°) misorienta-
tion of H with respect to the exact Hlc geometry. Such a
misorientation, which seems to be quite realistic in a
cryostate without built-in facilities to rotate the sample in
the course of measurements at low temperatures, is negli-
gible for weakly anisotropic systems, but may be of vital
importance for strongly anisotropic compounds.’® As it
has been shown in Refs. 29-31, at nearly all angles, ex-
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FIG. 15. Temperature dependence of the exponent n in Eq.
(13) for Pb,Sr,Y,_,Ca,Cu;04, ,, H=0: O=H]c, A=Hlc.
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FIG. 16. Sn vs T for Pb,Sr;Y,_,Ca,Cu;O4,,, H=O0:
O=H|lc, 0o =Hlc.

cept a~=*1°-3° from the exact Hlc configuration, the
magnetization and its dynamics are determined only by
the magnetization component M !¢ perpendicular to the
CuO, layers, which is much larger than the parallel com-
ponent M*¢ (Ref. 32):

M= ®
16mL2%B(®,)
77H”c
BIB(®,)
o tan(®,)
16w L2 TB(®,)

1/2
nHS l 1

172 1

2

le—

- , 16
BIB(®) 1o

+
P a3p

where B(®,)=[1+T"2tan’(®,)]'/% a3p~0.5, and n=~1.

These are expressions for the reversible magnetization
in quasi-2D layered superconductors. The ratio
M/¢/M*¢ is given by the anisotropy I' and the angle ®,
between the vortex lattice and the c axis:

M r’

M'c  tan(®,)

For I'~31, the difference M°~10 M'° may be ex-
plained by the presence of a very small misorientation an-
gle a=(7/2)—0®,~1°. From this point of view, the
striking similarity between SYI¢(T) and SM™!'%(T) [Fig.
13(b)] may be easily interpreted as a result of this uncon-
trollable misorientation, because for tilted fields around
Hle, the SH(T) dependence is, in fact, determined by
the presence of the small M“(H) component and there-
fore both SH(T) and SHI“(T) curves should have the
same shape, as it is found experimentally [Fig. 13(b)].
Taking this misorientation problem into account, we are
concentrating our efforts only on the discussion of the
H]||c orientation.

The same crossover in the pinning regime may also
occur if one keeps the temperature constant but varies
the magnetic field instead.> For the fixed temperatures
(T =30 K, Fig. 17) we have found a clear indication of a

phase transition or a crossover at H=H®~4 kG
(T'=30 K) and at H=H"®~2 kG (T =50 K) (see Fig.
18), where there is a distinct S-shaped anomaly on the
I-V curve (Fig. 17). As a result, a kink at H=HR is
seen in the n vs H dependence (Fig. 18). For T =30 K
the S-shaped anomaly on the 7-V dependences, implying
the change of the curvature, is clearly observed twice (see
Fig. 17) at H=4 kG and H=8 kG. A similar change of
the curvature has been reported for Bi,Sr,CaCu,0,
Ref. 77. Following Fisher et al.,> % we propose below a
tentative explanation of the variation of the vortex phases
as a function of applied field. Firstly, for very strong an-
isotropy, when

L, _a, (®/B)"?

C > v —_ 2"
d d , 17)

where a, E(<I>O/B)1/2 is a lattice constant, the wavelength
of the dominant fluctuations becomes smaller than the
interplanar separation d; the system has essentially a 2D
character. This is shown in the H-T phase diagram in
Fig. 19 above the nearly horizontal dashed line, corre-
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FIG. 17. Current-voltage  characteristics of a

Pb,Sr,Y,_,Ca,Cu;04,, single crystal at T =30 K for different
magnetic fields.
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FIG. 18. Field dependence of the exponent n in Eq. (13) for
Pb,Sr,Y,_,Ca,Cu;04,, at O=T =30K, O=T=50K.

sponding to L. /L, =a, /d. For this 2D regime the melt-
ing line is approximately the same as the Kosterlitz-
Thouless-type melting transition T2° in a 2D system of
logarithmically interacting point vortices in each uncou-
pled Cu-O layer:>

P2d
TP ~(1-2)X 10" 2—>
M 16m2L2,
° 2
1000 A d
~(20-40 K) .
L, (Ty) 10 A
~7-14 K . (18)

In PSYCCO, with L, =1860 A and d =12.3 A, the

2
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16 7 21,2
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vortex lattice

FIG. 19. Schematic phase diagram of a type II layered super-
conductor as a function of applied magnetic field and tempera-
ture.

crossover line L. /L, =a,/d corresponds to a magnetic
field of 10 kG. The T2P value, estimated for PSYCCO
from Eq. (18), lie in the range 7-14 K. Below T2P in
magnetic fields H>H®R, a 2D vortex glass or 2D vortex
lattice state should be realized, the former being favored
by the presence of disorder. For H<H®R the supercon-
ducting layers are coupled and the 3D anisotropic behav-
ior takes place with the melting temperature:>

172
Ly | [ @0 3

3D 2
T =dei B 167%L
ab?

> (19)

L

c

where ¢; ~0.15 is a constant. Thus, for H<HR the
melting line follows the T3P vs (H) /% (see Fig. 19).
Below the melting line a 3D vortex glass (or 3D vortex
lattice) state is realized, depending upon the strength of
the disorder potential present in the system.

Now, coming back to our I-V data (Fig. 17), we may
give the following interpretation. The temperatures 30
and 50 K used for the 7-V measurements are higher than
TiP (Fig. 19). For T > T3P, there are two characteristic
fields for which an S-shaped anomaly is seen in the I-V
curves; for T =30 K, for example, at H=~4 kG and H=~8
kG (Fig. 17). The first field seems to correspond to the
crossing of the melting line T;P [Eq. (19)], whereas the
second field may be related to the crossover field HR
(horizontal dashed line in Fig. 19), corresponding to the
3D-2D reduction of the dimensionality. The value of
H®R is temperature independent if the temperature varia-
tion of L [Eq. (18)] is not taken into account. The transi-
tion into the 2D vortex liquid phase is also accompanied
by the change of the slope of the j, vs H (Fig. 12) and S
vs H curves (not shown).

This interpretation of the appearance of the two S-
shaped anomalies on the I-V plots is only a qualitative
tentative picture, which should be further elaborated on a
quantitative level. Of course, it does not necessarily ex-
clude the possible validity of other alternative explana-
tions.

V. CONCLUSIONS

We have studied temperature dependences of lower
critical fields, critical currents, and the flux-creep rate on
nearly cube-shaped 0.6X0.6X0.5 mm?® PSYCCO single
crystals for two different field orientations, H|jc and Hlc.
Lower critical fields H!{(7) are characterized by an
anomalous curvature at low temperatures, which may be
interpreted in terms of models which take into account
the layered (S-N-S or other types) structure of these oxide
superconductors with proximity-induced superconduc-
tivity in the layers separating the CuO, superconducting
planes (Refs. 22-28 and 78,79). The temperature depen-
dences of the critical current jH'°(T) and the normalized
flux-creep rate S1°(T) indicate that with increasing tem-
perature a crossover from the anisotropic 3D to quasi-2D
behavior takes place, leading to a strong modification of
the pinning mechanism. In comparison with other high-
T, oxides, the anisotropy I'=(m_/m,,)""*~31 is of an
intermediate value between YBCO (I'=5) and BSCCO
(I"'=50-140). Such a large anisotropy parameter implies
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that in order to be sure that the magnetic field H is really
parallel to the CuO, planes, it is necessary to rotate the
sample in situ in the magnetometer by very small angles
about the Hlic orientation. Unfortunately we could not
do that in our measurements and, as a result, all data
given here for Hlc are only within £3° from the exact
Hlc orientation. This small misorientation may be
sufficient to have quite a strong influence of the magneti-
zation component perpendicular to the CuO, planes. Be-
cause of these reasons the values of the anisotropies of
the lower critical fields and critical current given above
should be considered only as a lower limit and the real
anisotropy might even be higher.

Using current-voltage characteristics in the picovolt
range, which were derived from the damping electric field

V. V. METLUSHKO et al. 47

determined by the magnetic-flux-creep rate, we have
found that the decoupling of the pancakelike vortices in
different CuO, planes, occurring at T~TR, leads not
only to the j.(T) and S(T) anomalies, but also to the
change of the exponent #n in the expression [Eq. (13)] re-
lating j to the electric field E.
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