PHYSICAL REVIEW B, VOLUME 63, 184504

Experimental evidence of the decoupling line in(Bi; gPbg 39) Sro(Cag 79Y .21 CUsOg4 5
single crystals by resistivity measurements
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Both in-plane p,,) and out-of-plane [£.) resistivity measurements have been carried out on
(Bi1 6Phy39 S(Cay 79Y 927 COg., 5 Single crystals with magnetic field applied along thexis direction.
Studying the temperature dependence of the resistivity patjop., we identify at high temperature a pancake
phase with the signature proposed by Koshelev. At lower temperature, we observe a thermally activated
behavior which can be interpreted easily in the framework of a three-dimensional vortex loops model. We
found that the high-temperature limit of the thermally activated behavior corresponds to the low-temperature
limit of the Koshelev’s prediction. This latter is also characterized by an onset of the in-plane resistivity drop.
Consequently, our data suggest that this line is a dimensional crossover which describes the decoupling of the
liquid state into a decoupled pancake state.
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I. INTRODUCTION of the vortices and analyze them using various models and
determine the limits of validity of them.
It is generally well established that the sharp drop of re-

sistivity observed in the mixed state is the result of a first Il. EXPERIMENT
order transition of the vortex lattice. It may correspond either ]
to a melting transitioh™ or to a decoupling ong However, The single crystals of

the first order transition is very sensitive to the state of(Bi16/h.39Sr(Ca 76Y0.21) ClOg. 5 are grown by a self-
disordef -8 and should lead to a second order transition wherflix method. The details of the growth are reported
increasing the disorder. In this case, a drop of resistivit)ﬁlseWheré" The results presented here are typical of all
should correspond to a second order transition or a contin'€ Samples of the same batch. The dimensions of the crystal
ous crossover in the vortex diagram. On the other hand, if'at We have chosen to present here are #60<820 um

one assumes this drop to be a change of dimensionality d 2(.) pm with the lower d|mens_|0r‘1‘ parallel o ’tlrteaxs d".
: . . rection. We have evaporated six “silver pads” as described
the vortices(decoupling transition or crossovethe three-

. ) . in Fig. 1. These pads cross the whole width of the crystals.
d|menS|ona}I(3D?‘ gnd 2D behawo'r,s .ShOU|d be. observable.TWO of them on the top face, two others on the bottom face
Moreover, in a “field/temperature” diagram, this crossover

i hould d h . . odd and one “silver pad” on eactac face. With this simple
ine should decrease as the anisotropy Incredses. contacts configuration, we measured the in-plaggeand the

In a highly anisotropic compounds such as Bi-2212, the ¢ of-planep, resistivities on the same crystal. Indeed, the
theoretical analysis in terms of activation energies at l0Wyeasurement of the, resistivity needs to apply the current
temperature revealed that the field dependence of these efong thec-axis direction and measure the voltage drop par-
ergies was proportional toB("*)**7*®in the case of 3D gl to it. This simple contacts configuration leads to a good
vortices. Increasing the temperature, the application of thesgstimate ofp., as discussed by Hardst al?>?°for Bi-2212
models should not be anymore valid, due to the pancakesingle crystals. On the other hand, for the in-plane resistivity
decoupling, driving the 3D vortex lattice into a 2D system atmeasurement, the current is applied within &teplane, i.e.,
high temperaturé’*® Above this decoupling line, the system petween the twac planes, and the voltage drop is measured
can be regarded as sets of 2D vortices independent from gith either the two contacts on the top face or the two others
layer to another. On these considerations, KosH&lpwo-  of the bottom face. On Fig. 1, we report the two different
posed a description of this 2D vortex state wheredtaxis  contacts configurations used in this study. All the measure-
resistivitypc should be related to the measum. In 1992, ments were performed in the linear reg|n1@:(l mA) , in
Buschet al*® have measured in Bi-2212 the in and out of which the critical current was checked to be zero. This rules

plane resistivities in a single crystal by a six-terminalout any possible effect of geometrical barriers, previously
method. But this method made several approximations which
&

are not always fulfilled in the present case, as we have shown %
by a more exact numerical calculatiéh. _

Consequently, in order to describe the dimensionality of I, 'T - - AR
the vortices on the wholeB( T) phase diagram, several the- g | g
oretical approach are needed since none of them is able to ) L}”
describe all the underlying mechanisms of dissipation. The
aim of this paper is to identify, on the same sample and by a FIG. 1. The in-plane(left side and out-of-plane(right side
different experimental technique, the 3D and 2D charactersontacts configurations.
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(a) and in-plane resistivityb) foraB=0.2 T magnetic field applied
parallel to thec-axis direction. The solid lin€éa) corresponds to the
FIG. 2. Temperature dependence of the in-pléand out-of- fit expression proposed by.K(.JsheIev. The dash-dotted line repre-
T , e sents the low temperature limit of the 2D model proposed by Ko-
plane(b) resistivities in the Arrhenius plot for magnetic fielB§c shelev
of B=0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.35,0.5, 1, 2, 3, 4,5 T from the '

left to the I’ight. The injected current is 1 mA for both cases. rather Smooth|y with the temperature and no anoma|y is ob-
served while at lower field, a shoulder is observed in the low
reported in similar samples in the solid phase at low magtemperature end of the,, curves. For the-axis resistivity
netic field®* measurements, the same characteristic curves can be seen but
In order to reduce the contact resistances, we annealed tiige shoulder is less pronounced than in the in-plane resistiv-
sample atT=400 °C during ten minutes. After annealing, ity case. Consequently, the in-plane and out-of-plane resis-
the contact resistances are close .1 tivities present roughly a similar temperature dependence.
The resistivity measurements were performed by a Physi- Froma theoretical point of view, one expects that for field
cal Property Measurement SystéRPMS model 6000 from larger than the crossover fiell=¢o/(yd)*=0.1 T and
quantum designwith decreasing temperature and an appliedi€mperature larger than the decoupling temperalyge, the
magnetic field up to 5 T. The ac susceptibility measurement%prtex system can be analyzed as Sr%set of independent two-
were performed by a SQUID susceptometry with a fixed imensional vortex lattice in the layerSHere ¢, is the flux

o . . _quantum,y is the anisotropy ratio, andlis half the interlayer
;?sr?]nleg_clflt(ejldlggngztemperature and with a frequency varyin pacing. The in-plane dissipation is then due to the thermally

activated motion of mobile pancake vortices. Thaxis con-
ductivity is of Josephson origin and is caused by the phase
IIl. RESULTS AND DISCUSSION slips between neighboring pancakes in adjacent Jagers.
In the Koshelev modéf describing the decoupled 2D pan-
In Fig. 2, we report the in-plane and out-of-plane resistiv-cakes phase, the author finds a relation betwgesndp,, -
ity measurements under magnetic field parallel todleis. = Koshelev supposes that the phase slips are caused by the
The critical temperature i$,=86 K with a transition width  diffusive motion of the small amount of pancake vortices
AT.~2 K as determined by a SQUID dc magnetizationindependently in the different layers. In order to verify the
measurement under 1 G. Moreover, at room temperaturgheoretical Koshelev's prediction, we have plotted on Fig. 3
Pap=300 Q) cm andp.,=0.25Q cm. These values are in the temperature dependence of hg/p.(T,B) ratio for a
good agreement with previous repoftg®2’ B=0.2 T magnetic field. In Fig. 4, for all the magnetic field
In the normal state, the in-plane resistivity presents a linbetweenB=0 andB=5 T, the temperature dependence of
ear temperature dependence while tb@xis resistivity the p,,/p(T,B) ratio are illustrated. The curves are then
shows a “semiconductinglike” behavior. On the other hand,fitted using the temperature dependenpgy/p(T,B)
in the superconducting state, thg, curves present two dif- =A(B)[(1—T/T.)%p2,T%] as proposed by Koshelé®.In
ferent behaviors: at higher field, tipg, resistivity decreases this expressionA is the fitting parameter angl.,, is the nor-

1000/T (K™
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FIG. 5. The temperature dependence of the activation energy for
for various maanetic field aoolied parallel to thexis direction various magnetic field applied parallel to thexis direction. The
1S magnetic 1ield appled p ' magnetic field is t8=0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.35, 0.5, 1, 2,
The applied magnetic field is 8=0.01, 0.02, 0.05, 0.1, 0.2, 0.35, - . .
051 2 3 4 5T. The solid lines correspond to the fit ex ressior%s’ 4, 5 T. The solid lines and the closed circles represent the acti-
e ‘ P P vation energy obtained by resistivity and ac susceptibility measure-

proposed by Koshelev. In the inset, the field dependence of the . L
fitting parameteA is plotted where the solid line corresponds to a ments, respectivelisee text. The magnetic field dependence of the

1 activation energy is shown in the inset where the solid line corre-
B~ dependence. —1/2
sponds to &8 dependence.

FIG. 4. Temperature dependence of the resistivity ragig/ p.

mal statec-axis resistivity. We have used the phenomeno- dy
logical expression proposed by Yat al?® where p.,(T) ad)S’Z\/In(—) 1
— po-bT+(c/T)exp@/T) with pe~0.20Q cm, b~1.43 Ug(B)= —Zfab 1
X104 QemK™1, c~1.450 cmK, A~233.9 K. Let us Amuohip(0)y VB

note the magnetic field dependence of the fitting parameter o _ _ _ _
A(B). According to the Koshelev's model, the fitting param- ~ This expression is only valid for the highly anisotropic

eter should be proportional to the inverse of the magneti€mpound. Hereq is the fitting parameter which should
field: A(B)o1/B. be of order of unity and describes the exact shape of

In Figs. 3a) and 4, we observe that the theoretical expres!€ VOrtex 100p.u, is the permeability of the vacuum,y,
s the in-plane London penetration depify, is the in-

sion described above fit perfectly our data. On these figureé,I h lenath. In_ thi ol th vt
the fits are represented by the solid lines. The magnetiB ane co erencet etﬂg - In NS - mo de’f Eih activa It(')n
field dependence of the fitting parameter is also inSNergy represents he energy required for he creation

perfect agreement with the theory as illustrated in the inse?f. _alvorte_x. loop allowmght? f_qu Illne to move from thﬁ
of the Fig. 4 where the solid line corresponds toBal initial position to a neighboring lacunar site. From the

q d N hel b h q in-plane resistivity curves, we extract the activation
ependence. Nevertheless, we can observe that our aéﬂergyuacl(T,B) as shown by the thin solid line in the

are not well flttgd at onv temperature as shown in Fi@).3 Fig. 5. The magnetic field dependence bf.(T,B),
Consequently, in the high-temperature part of &(T,B)  4nd namedu,(B), is deduced from the thermally activated
curves, the “vortex matter” seems to correspond with a de'region of U.(T,B) curves. We have plotted the field
coupled pancakes. Recently, Chueical*® identified this 2D gependence ofJ, in the inset of the Fig. 5 where the
vortex state using the Koshelev expression. For lower magsolid line corresponds to the fit of the above expression.
netic field, the Iow-temperature limit of the mod#his limit From the fit expression and taking the f0||owing para-
is marked by a dash-dotted line on Fig. 3 BF=0.2T)  meters: y=100, \.,(0)=2000 A, d=125A, &,,(0)
corresponds roughly to the temperature droppgf de- =20 A, we found a very reasonable value of the fitting
scribed above by a shoulder as shown in Fig. 3. In Fig. 7, wgarameter «=1.2. Consequently, the low-temperature
plotted this limit by a solid line. This latter represents a de-part of the in-plane resistivity is correctly described by
coupling crossover. a 3D loop vortex phase. Let us notice that 81 T,

It has been observed that the low-temperature part ofhe high-temperature limit of the 3D thermally activated
the resistivity curves is consistent with a thermally acti-behavior corresponds perfectly with the low-temperature
vated dissipation mechanisth®*~*? From the Fig. 2, at [imit of the 2D model proposed by KosheléYForB>1 T,
lower temperature, the in-plane resistivity present ama small temperature range is common to the two
Arrhenius behavior, i.ep(T,B)=poexp(—U,/kT). In the  models suggesting that the decoupling crossover broaden
linear temperature range, the extracted activation energyith the magnetic field. In Fig. 7, this region is illu-
is then U,(T,B)=Uy(B)[1-T/T,]. For a 3D vortex strated by a gray area. On this figure, we have also
loops modef** the expression of the activation ener- piotted the second peak lifg(T) because it has been ob-
gy is Uiol(T.B) = [adg74muohan(T) VBIIn(dyl&)  served that the melting line mergeBa,(T).>-%°According
=Uy(B)[1-T/T.] where to this figure, we observe that the melting line and the ob-
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FIG. 7. The B8,T) phase diagram. The solid line represents the
decoupling crossover. The dashed line is the upper magnetic field
B.,. The gray area corresponds to the range of temperature where
the two models described in the text are both valid. The second
peak line is represented B, and merge to the melting lingash-
dotted ling which is here only a guide for the eye since it is not
observed in this crystal.
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sions of the sample. Consequently, at the maximuny'of
the frequency is proportional to the resistivity and, from the
ac susceptibility measurements, we can extract the tempera-
ture dependence of the in plane resistitityThe obtained
FIG. 6. Frequency dependence of the r@land imaginary(b) results are plotted in Fig. 5. First, the data obtained by ac
part of susceptibility foB=2 T and for temperature varying be- susceptibility measurements merge perfectly with those ob-
tweenT=18 andT=232 K with an increment of 1 Kfrom left to  tained by resistivity ones, confirming the validity of our mea-
right). surements. For lower temperatures, the temperature depen-
) ] ) ) ) dence of the activation energy deviates from the linearity.
tained experimental line are different, suggesting that therhough this remark can be of first importance to understand
common line of the two above models, experimentally ob-he |ow temperature behavior of the vortices, it is out of the
tained, represents a decoupling crossover inside the quuigCope of the present paper which deals mainly with the 3D to
phase. This is consistent with Baziljevicat al>* who 2D behavior.
shown, in Pb-doped Bi-2212 single crystal, that the second |, Fig. 7, we have reported thé(T) phase diagram. In
peak line was not due to a 3D-2D decoupling. the high magnetic field/high temperature range, i.e., above
In order to verify the validity of our resistivity measure- the solid line, the dissipation is due to a small amount of
ments ofpap, We have performed ac susceptibility measure-nancake vortices. In this region, the 2D Koshelev's model is
ments. With this method, only the in plane component of thg,ajid. Below this solid line, the vortices present a tridimen-
resistivity is involved® In order to restrict the measurement sional character and the dissipation is due to the movement
to linear regime, we only considered field aboBe=1 T of 3D vortex loops vortex. Therefore, the solid line repre-
whereJ; is negligeable. In Fig. 6, we have plotted the fre- sents the crossover from a 3D vortex loops liquid to a 2D
quency dependence of the regl [Fig. 6(@)] and imaginary  decoupled pancake phase.
x" [Fig. 6b)] part of the susceptibility foB=2 T and for In conclusion, we have measured, on the same single
various temperatures betweeh=18 and T=32 K. At  crystal, both the in-plane and the out-of-plane resis-
the maximum of x”, the characteristic time of the tjvities. From these data, we have identified a crossover
vortex response is inversely proportional to the frequencyine characterized by the temperature dréghouldey of
(skin effec), ie., 7~f 1.*° The relation between this the in-plane resistivity. This line represents the decoupling
characteristic time and the resistivity is given byfrom a 3D vortex loops liquid state to a 2D decoupled
7=0.1815€Cuvab/w/p) wherea, b, andc are the dimen- pancake phase.
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