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Vortex phase diagram of BL,Sr,CaCu,Og, 5: C-axis superconducting correlation
in the different vortex phases
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The vortex phase diagram in g8r,CaCuy0Og, s is investigated by studying the linear ac transverse perme-
ability w, =u; +u (hsel Hllc axis) in a wide range of temperature and magnetic fields. At low fields (
<300 Og¢ superconducting phase coherence in ¢heirection shows that the ordered vortex solid state is
characterized by a-axis vortex correlation length. limited by the sample thicknesk At low temperatures
(T<20 K) point disorder is sufficiently strong and the phase coherent ordered vortex solid becomes meta-
stable. In the temperature range<20<42 K when the applied field exceell, (T), the ordered vortex state
transforms into an entangled state with no indication of reductidn .0At a higher crossover field the linear
response becomes Ohmig<d. At higher temperatures the vortex structure becomes an uncorrelated vortex
liquid in all directions.[S0163-18268)02706-4

The superconducting H-T phase diagram of is important to point out that most of the experiments made
Bi,SL,CaCy0g. s (BSCCO is the paramount example of in BSCCO concentrate their study on the properties associ-
high-temperature oxide superconductors showing the related with the current response in thb direction and little
evant characteristics associated with the properties of the lagttention has been devoted to the response iw ttiieection.
ered compounds: strong anisotropy, thermal fluctuations, and The results reported in this paper are obtained measuring
atomic disorder. the transverse ac permeability, in the linear regime. The

In Fig. 1 we plot a sketch of thel-T phase diagram of dc magnetic fieldd is applied parallel to the direction and
BSCCO including those lines that are broadly accepted a8 small ac fielth, is induced perpendicular td. In this way
dividing regions of the phase diagram with different staticthe ac currents induced in the sample are forced to flow in
and/or dynamic properties of the corresponding vortex strucPoth directions, on theb planes and across the sample
tures. Despite this, there is no consensus on which of therffiickness. The real componeat is related to the shielding
corresponds to true thermodynamic phase transitions or to @pability of the currents whilg.| , the imaginary part, is
crossover from one characteristic dynamic response to argiraightforwardly related to the dissipation induced by the ac
other dynamic regime. More importantly, the nature of the
vortex structures it is not fully known in the different regions 1000 T
of the phase diagram. One exception is the line indicated by
Tm(H) corresponding to the first order phase transitfon
from an ordered vortex solid at low temperatures to a liquid
phase at higher temperatures. However, although the trans-
port measurements shd®hmic behavior in the liquid state @D 600-
in both directions . andp,, different from zerg there is no oD
conclusive experimental evidence demonstrating whether the ~ Pinning
liquid is made of vortex lines cutting and reconnecting at an == 4001
average distande, defining the superconducting phase cor-
relation length in thes direction or of decoupled vortex pan-
cakes] . equals the interplane distanseFrom previous dis-
cussions and from transport experiments using multiterminal
contact configuration in YBCO it has also become evifient 0 i -
the important role thalt, plays in determining the properties 0 20 40 60 80
of the vortex structure in the different regions of the phase T (K)
diagram.

In this work we analyze the different suggestions found in  F|G. 1. Schematic phase diagram of BSCCO indicating the po-
the literature on the nature of the vortex structure in thesition and shape of the irreversibility linL), the melting line
different regions of the phase diagram in Fig. 1 in terms ofT,(H), and the Or-D line discussed in the text. The dashed line 0D
what should be expected for the superconducting response igpresents the boundary of a zero-dimensional pinning repare
thec direction and the related vortex correlation lenth It cake vortices individually pinngdat low temperatures.
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currents. The amplitude and frequency dependencg of Recent flux relaxation experimehtselow 20 K and at
and the relation between| and u| determiné the linear low fields have been interpreted assuming that the elastic
and/or Ohmic characteristics of the response. This techniquearkin lengthL . equalss, the Cu-O interplane distance. This
has provedito be adequate to study BSCCO in regions of themeans that the pinning mechanism is described in the zero-
phase diagram where the low value of the resistivity and th@imensionm limit, where every pancake is pinned indepen-
aspect ratio of the samples make the conventional dc trangently of the others. At this temperature the transverse sus-
port measurements useless. N _ ceptibility decreases rapidly indicating that perfect

_ We show that the transverse permeability at low fields  gereening is established. In this linli is limited by the

is consistent with a highly correlatdétbpologically ordered sample thickness,=d and L.=s. According to Ref. 10 a
vortex _solid s_tate which is superconducting in all directions.Vertical line (indicated as ODcin Fig. Jlat 20 K indicates the

At a higher fieldHe(T) and for T>20 K the long-range zero-dimensional pinning limit that takes place at low tem-

vortex correlation in thes direction is retained at the topo- eratures. Thus. the pinning line should intersect with the
logical order-disorder transition of the vortex structure up to? L ' P g fine .
Or-D line and consequently it is interesting to ask whether

a crossover fieltH .(T) where the response in tleedirection ) - .
becomes Ohmic, indicating that the structure loses its supefhe order-disorder transitiof©r-D) remains below 20 K and

conducting character. By all experimental indications, theVich is the corresponding correlation length As we will

vortex ensemble below 20 K is a nonequilibrium supercon-ShOW in this paper the measurement of the transverse perme-
ducting vortex solid structure. ability is a unique technique to explore the solid state phases

The line IL in Fig. 1 is the irreversibility line, typically and determine its superconducting characteristics incthe

determined by the onset of hysteresis in the magnetizatioflirection.
curve associated with currents flowing in tab planes and The BSCCO crystals were grown by the traveling solvent
Tu(H) is the first order melting line of the vortex structure. floating zone techniqu¥. The experiments were performed
In the low field range IL is knowhto be determined by on two crystals(A and B) with dimensions 30082000
geometrical barrier¢GB'’s). The longitudinal ac permeabil- X 180um?® and 3000x 2000 70um?, respectively. After an-
ity (h,dH) in the linear regime shows an Ohmic behavior nealing in air at 800 °C the critical temperature of these op-
with the corresponding peak jaj at temperatures close but timally doped crystals i§.=90.5 K. The ac susceptibility
alwaysaboveeitherTy,(H) or the IL line/ depending on the measurements were carried out by means of two complemen-
range of fields, indicating that the Ohmic resistance in the altary techniques. For measurements at frequencies higher than
planes become undetectable below those lines. 500 Hz a conventional mutual inductance technique was
Pastorizaet all have pointed out thatw| shows a used. For low frequencigd0~2-10° Hz) the measurements
frequency-independent peak associated with the establisMere carried out using a superconducting quantum interfer-
ment of the phase coherence across the sample at the meltiigce device(SQUID) as a preamplifier. The ac field was
temperature. That is, foT<T,(H) I, is limited by the applied parallel to thab planes of the sample by means of a
sample thicknesd as is expected in a topologically ordered Helmholtz solenoid. The excitation current that feed the
structure of vortex lines. The same type of measurementslelmholtz solenoid was taken from the reference signal of a
(for low enough frequenci¢sdemonstratétithat at higher two phase lock-in amplifiePAR 5302. The pick-up coil is
fields the dissipation in the direction was Ohmic and finite made of Nb wire wound in a transverse first order gradiom-
well below IL. No superconductivity is established at IL in eter configuration. This coil is part of the superconducting
the ¢ direction and, consequently, <d in a region where transformer of the SQUID. The change of the sample perme-
the resistance in thab planes is either zero or below the ability as a function of field and temperature induces a cur-
detectable values. rent in the pick-up coil which is detected by the SQUID. The
There i§~*a phase boundary or crossover separating twdn and out of phase components of this current were mea-
solid regions in the phase diagram, indicated by Or-D in Fig_sured by the lock-in amplifier connected at the output of the
1. This line is essentially field independent and takes place atQUID electronics. The proper phase of the lock-in ampli-
a field of the order of 300 Oe. The observation of an anomafier was set by measuring the sharp superconducting transi-
lous sharp second peak in the magnetization loop has bedi@n of an indium sample. The dc field was applied parallel to
used to define the Or-D boundary. Moreover, no data is rethe ¢ axis of the sample by means of a home-made super-
ported in the literature showing the presence of the secongonducting magnet operated in a permanent mode. Further
peak below 20 K. The Or-D line has been interpreted as gxperimental details can be found in Ref. 7. All the ac per-
crossover in the pinning mechaniSmas a change in the meability measurements reported here have been taken in
dynamic properties of the vortex lattié®pr as a true phase field cooling (FC) experiments.
transition'* Neutron diffractiot? and muon spin rotation  The ac permeability data presented were taken at an ac
experiment¥’ show that the vortex structure changes from anfield amplitude h< 90 mOe. The response for this ac am-
ordered one for fields below Or-D to a topologically disor- Plitude was proved to be within the linear regime in the
dered structure in the higher field region. Moreover, the rewhole range of dc fields and temperatures investigated.
sults of Ref. 1 indicate thalt, changes from =d in the Shown in Fig. 2 are typical data of the real part of the ac
ordered low-field region td.<d at high fields. From the permeability; as a function of temperature for four se-
previous discussion it is interesting to determine whether théected frequencies at a field of 27 Oe. The main feature ob-
Or-D line marks also the evolution from the Ohmic behaviorserved at high temperatures is the sharp decreagg pét a
in thec direction for high fields to a superconducting regime frequency-independent temperatdrg(H) reported in Ref.
at low fields. 1 that we will not discuss here. Lowering the temperajufe
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H=270e =(Ng/d) - tanh@/\,) is approximately equal to the Camp-
bell penetration depth, determined by
7, 2 Cadk) o
ac a (o)’
o In Eq. (2) the superfluid contribution was also neglected. At
A high temperatures the critical current in BSCCO crystals is
__v =71Hz |, |5éOOE . . . . .
o= ; / small, indicating that the Larkin domains are large and the
o : :Z? VL is pinned collectively. When the temperature is lowered
05;,// ) the pinning becomes more efficient, the elastically correlated
oc0 P volume (Larkin domain$ shrinks, the Labush parameter in-
20 40 60 80 100 creases, and consequently the penetration of the tilting stress
T (K) N ac decreases. The steep decreasg jofat T=22 K indicat-

ing almost perfect shielding coincides with the large increase
FIG. 2. Real part of the ac permeabiliy] as a function of in the Critiggl cur(ent inferred from magnetization
temperature for four selected frequencies. From left to right: 7.1lrr]easur_emen .’a.SSOCIat.ed W'th the crossover tc.) the zero-
2300, 6525, and 18 300 Hz. Ins shows an expanded view of dimensional pinning regime. It is |mportant to point Qut that
the low-temperature region for different excitation frequencies.althoth the_ _BSCCO_ crystals studied present the _f'rSt order
From left to right: 0.5, 1.16, 2.30, 7.12, 17.6, 38.9, 108.3 Hz. ThePhase transition at high temperatures, characteristaeain
sudden decrease jm] is seen at a frequency-independent tempera-SyStéms, strong disorder Se,ts in at temperatures below 22 K,
ture Top. Inset(b) showsu ! for three selected fielddyp is field ~ Where the steep decreaseof coincides with the crossover

independent in the range of fields investigat26—1600 Og to a region where the pinning mechanism is ¥hat is,
L.=s.
decreases smoothly and a second featur,gt=22 K be- We turn now to the question of the nature of the second

comes evidertin the |OW_frequency curve. The inséh) peak transition and its relation Wlﬂa Since this transition
clearly shows that the temperatufgp, where a steep de- OF crossover is observed at an almost temperature-
shown that this drop al,p is smeared out and becomes perature as a function of the dc applied field. The results are
undetectable when increasing the excitation frequency to thehown in Fig. 3. We remark that, (T) was measured de-
range of kHz. In insetb) we depicted the data gf (T) at  créasing temperature at constant fighC _expenmer)t for
three selected dc fields. This exemplifies thAag is field q|fferent dc applied fields and th?n the field dependence at
independent in the range of fields investigat@®—1600 fixed temperature., (H) was obtained from these measure-
Oe). ments. In this way effects associated with gradients of fields
The low-field response as detected fay(T) can be un- INSide the sample, present when measuring magnetization
derstood in the following way. Below the melting tempera- !oops or flux relaxation, are minimized. The results dls_played
ture Ty, (H) the ac field generates a surface shielding curren Fig. 3@ corre_spopd to a frequency of 6525 H.Z' Wh'le the
which exerts a tilting stress on the vortex lattidd.). The data presented in Fig.|3 corresponds to an excitation fre-
uency of 4.5 Hz, approximately three orders of magnitude

resulting deformation of the VL at the surface propagate L L : .
into the interior, pushed forward by the elastic response o wer. We distinguish three qualitatively different behaviors.
X (i) At temperature¥ <20 K, where the disorder is strong,

the VL and slowed down by point quenched disorder and " ) e L _
viscous drag. The ac complex penetration depjfio), con- A1 increases monotonically with increasing field. This is ex-

sidering the mechanisms described abov&f pected, since the tilt modulu3,, is an increasing function of
the magnetic field.
NN o (0) o +iorg] (il) In the intermediate regime of temperatures<20
Ndw)= THiwn, : (1)  <42K, u/ is an increasing function dfl up to the dc field
n

HendT). FOrH>H ¢ (T), n; decreases until the field(T)
where o is the excitation frequency,\®> and \2 isreached, wherg| starts to increase abruptly. The unusual
=Cyy(k)/ @, denote the London and the Campbell penetrabehavior(the decrease of.| when increasing the dc field
tion depths, respectively, ang,= 7/a, and 7,;=\2u,/p, that begins aH.,(T) marks the improvement of the effec-
the damping times associated with the oscillation, charactettiveness of pinning when increasing field. This can be inter-
ized by the viscous drag coefficieptand the normal resis- preted as an evidence of the proliferation of topological de-
tivity p,. Ca4(K) is the dispersive tilt modulus of the VL and fects at large scale in the ordered ¥ This proliferation
| (w) the linear restoring force per unit volume of an elas-generates vortex entanglem@nand, provided that the line
tically pinned VL (Labush parametgrThe frequency depen- crossing barriers are large, would increase the effectiveness
dence of the Labusch paramefer, (w)/«, ] takes into ac-  of pinning, similar to the ideas proposed by Hetzal 22 with
count the flux creep present in the whole range ofregard to enhanced pinning by splay columnar defects. With
temperatured’ further increases in magnetic field, the topological defects
In this low-frequency rangg, is almost realthe imagi- become denser bringing larger vortex crossing angles, flux
nary part is always below 0.03therefore the complex ac cutting becomes easier, and the effectiveness of pinning
penetration deptia .. related to the ac permeability via, drops. The abrupt increase jn, from H(T) indicates the
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FIG. 4. Experimental phase diagram of BSCCO. Open circles
. 015 correspond toT(H) determined byw(H) measurements while
=. filled circles correspond td',(H) determined byu(T) measure-
0.104 ments. Closed squares correspond to the IL line determined by
ZFC-FC magnetization measurements. Solid and open diamonds
0.054 represent the characteristics fields.(T) andH.(T), respectively.
Open triangles: peak position jw| for 4.5 Hz and 6525 Hz. Thin
0.004 lines represent-axis constant resistance contours. The ordered VL

solid stable at low fields transforms upon raising the field above
Hen(T) to an entangled phase A and becomes an uncorrelated lig-
uid increasing the temperature abolg(H). The disordered solid

A evolves towards a phase B charaterized by an Ohmic response in
the c-axis direction. Below 20 K the solid is frozen in a state that
depends on the experimental history.

10 - ”””100
H (OCe)

FIG. 3. Real part of the ac permeabiliy] as a function of
field. The numbers indicate the temperature in K. Rartof the
figure shows the results obtained at a high frequé6825 H2 and
part(b) at a low frequency4.5 Hz). The dashed lines indicate the netic decoration experiments showing the presence of topo-
characteristic field$e,(T) andH.(T) (see text The nonmono- |ogically ordered vortex structures in the low-field range
tonic behavior inu| is not observed for temperatures below 20 K. where the critical current is field independent and vortices

are individually pinned. The vortex structure is frozen in a
evolution towards the-axis Ohmic state at higher fields, topological configuration corresponding to a higher tempera-
that is, towards a state where the phase coherence is |lostre where the lattice is nearly in thermodynamic equilib-
across the sample. The nonmonotonic behavior observed fiitm. Further decrease of temperature only induces small
this temperature regime is detected at low and high excitalocal displacements of the vortex, in distances of the order of
tion frequencies, andi.,(T) and H(T) are found to be the pinning force rangé, much smaller than the intervortex
frequency independent. This fact discards the interpretatiogeparation and the overall vortex structure remains unmodi-
of Hen(T) as a dynamic effect due to a change in the pinningdied. Under these circumstances it is clear that while the criti-
mechanisnt® cal current is independent of the geometrical vortex distribu-

(i) In the high-temperature regim&=45 K, u! in- tipn, the vortex structure depends on the experimentql
creases smoothly up tdy,(T), where a jump tou]~1 is  history. As a consequence the observation of Bragg peaks in
observed. This jump is associated with the first order phasE'® low-temperature and low-field phases only reflects a non-
transition of the vortex lattice, as was previously repofted. €auilibrium vortex configuration corresponding to a stable

Our results could be summarized in the experimertal  Structure at higher temperatures.
phase diagram depicted in Fig. 4. At low temperaturés (!N the intermediate regime (20T<42 K) the ordered
<20 K) point disorder is sufficiently strong to induced zero- VOrtex solid become unstable at a fieti,(T), where the
dimensional pinningL.=s, and strong critical currents in gffectwe_ne_ss of pinning sta,rts to increase with increasing
the ab planes. In principlé,.=s would imply a highly dis- field as |nd_|c:_ates the drop_gati_ . The functional _dependen_ce
ordered vortex structure, in contradiction with the resultsOf Hen{T) IS in good qualitative agreement with theoretical
found in neutron diffraction experimenfswhere a crystal- estimates: Furthermore, we evaluate the field at which the
line structure is detected at temperatures well below 20 Kordered vortex state become unstable at low temperatures
Both experimental results can be reconciled considering thatSing the expressiofiL1) of Ref. 24:
the structure detected below 20 K is frozen at a higher tem- 4 43
perature where the vortex-vortex interaction is dominant, ~ﬂ( 80) 23413

ik . . ~ o 3
similar to the recent interpretation by Parebal 2° of mag- " (16m) Y32\ Uy 02" cros
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where we have introduced the crossover fiditl,,s field direction. Vortex tilting is harder for fields above
=7in(y dl)Dy/(y9)? (Ref. 26, y is the anisotropy param- He,(T) showing that the Or-D transition, induced by point
eter, Ho,=®o/27E2, go=(Py/4mN\)2, and ¢, the Linde- defects, is from a three-dimensional ordered structure to an
mann constant usually of the order@f~0.1-0.2. The an- entangled phase of correlated vortex lines across the sample
isotropy parametery= 110 is extracted from the fitting of (entangled phase A in Fig)A4The vortex phase correlation
Tw(H) at high temperatures using the decoupling expressioff! the ¢ direction is preserved at the transition. At higher
of Refs. 11,26,27. Using the previous reasonable values idelds flux cutting and reconnection is dominant, the ac trans-
optimally doped BSCCO crystal$i ;oee=10 900 Oe,H, verse field_ penetrates easily, and the response becomes
~82 16 Oe, U,/ey~0.085 a’n%"éi~0 1 gives He ohmic at fields above the crossover figdg,(T), wherel,

- 0O ' p — Y ' - Y ent

e : : d. In the low-temperature region of the phase diagram
=250 O f t with the ob d t ' h ) R
value © In fair agreement wi © observed expeniments, T<20 K) and for all the fields investigated, the pinning is

At the field He(T) the ordered VL makes the transition strong enough to freeze the vortex structure in an expe_rimgn—
en tal history-dependent state. The zero-dimensional pinning

to a vortex entangled state with no indication of a reduction;” . . : . . ; )

inl.. When incregsing the field the energy barrier for vorteD'm't assQCIated with this region of the_ phase dlagrar_n IS con-

cuttcing and reconnection decreases aig(T) marks a sistent with results that could be considered contradictory: At
low fields the neutron diffraction experimettsshows the

crossover to an Ohmic behavior characterized byd. At . . .
. FC structure frozen in an ordered state. For fields higher than
higher temperaturesT(>45 K) the ordered vortex phase 400 Oe the structure is found to be disordered. Neither the

transforms to an uncorrelated vortex liquid in all directions - . i
critical currents nor perpendicular permeability measure-

through the well-known first order phase transition. ements detect any change that could be associated with an

In conclusion we show that the ac permeability techniqu order-disorder transition of the vortex ensemble at low tem-
is an excellent tool to explore the vortex matter phase dia-

gram of highly layered superconductors. It allows us toperatures. This is understood realizing that neutron diffrac-

probe the tilting strength and to establish the correlation ir;[IOn experiments provide information about the topological

the c-axis direction of the different regions of the phase dia—Order of the yortex structgre over large regions compared to
gram. The data taken in FC experiments allows us to studthe average intervortex distance. Meanwhile, the critical cur-

the vortex structure minimizing forces induced on the vortex ent and perpendicular permeability measurements, in the in-

ensemble by nonequilibrium currents associated with fieldj'v'duf"II pinning regime, respond mainly to the local pinning
gradients. of a single vortex independently of the space correlation of

The large ac penetration of the transverse field in the or'Ehe vortex structure.

dered solid at high temperatures is consistent with the idea We thank H. Pastoriza for fruitful discussions and E. F.
that this state is close to thermodynamic equilibrium andRighi for a critical reading of the manuscript. This work was
provides strong support to the picture where the fieldpartially support by Fundacion Antorchg&rant No. A-
induced transition at the Or-D line is a thermodynamic tran-13359/1-000018 and the Consejo Nacional de Investiga-
sition. The data has shown that the Or-D transition has strongiones Cienficas y Tenicas (CONICET) (Grant No. CO
influence on the behavior of the vortex correlation in the21418/95.
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