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Transport properties of high-T. Bi,Sr,CaCu,Og, 5 Crystals near the superconducting transition

Y. M. Wan
Department of Physics, National Tsing Hua University, Hsinchu, Taiwan 300, Republic of China

T. R. Lemberger, S. E. Hebboul, and J. C. Garland
Department of Physics, Ohio State University, Columbus, Ohio 43210
(Received 29 January 1906

We report a multiterminal experiment on BSCCO single crystals in zero magnetic field to study the transport
properties from transition to room temperature. In the normal state, analysis of using a linear resistivity model
suggests that the system is linear. In transition, current-voltage characteristicsadf it@ne, of thec axis,
and of the secondary layer using a flux transformer method show nonlinearity. All these nonlinear features can
be put into a self-consistent scheme within the context of in-plane thermal excitation of vortices, and an
out-of-plane Josephson interacti¢80163-182606)01829-2

[. INTRODUCTION of the out-of-plane coupling strength to the in plane, Uprety
and DomgueZ! have simulated the current-voltage charac-
The intrinsic layered structure of high: oxides have teristics on the secondary layer, comparable to experimental
been known to give rise to many interesting and unconvenresults.
tional phenomena over a broad temperature range. In the Regardless of so many studies, questions still remain and
normal state, the most astonishing feature is the dramaticallthere is also a lack of comprehensive exploration of the
different temperature dependence of the in-plane and out-ofransport nature across the superconducting transition. To
plane resistivity along with an anisotropy ratio ranging fromclarify this issue, in this work we perform throughout trans-
10° to 1C%. In transition without the presence of an externalport measurements on BSC(X212 single crystals in the
magnetic field on the highly conducting Cuilayers, temperature regime from-85 to 300 K. We find that this
Kosterlitz-Thouless resistive transition has been observedmaterial is linear abov@, and can be well understood on a
with evidence found in the square-root temperature deperD linear anisotropic resistivit{3LAR) model. Furthermore
dence of in-plane resistivityin the nonlinear current voltage our study shows that the current-voltage characteristics taken
characteristics,and in the magnetic screening of vortices in from over all the surfaces can be put into a unified picture in
a magnetic field. terms of thermally created layer vortices and interlayer cou-
In corroboration with the interlayer Josephson pling.
interaction? three-dimensional thermal vortices, which are  Three single crystals with a transition neaB5 K were
pictured as aligned two-dimensiong2D) vortices, were prepared by a solid-state reaction method. In brief, an appro-
proposed and examined experimentally in a fixed point in priate amount of BiO;, CuO, CaCQ, and SrCQ oxide
magnetization curves. An interesting transport result assocpowders was uniformly mixed and grounded. Then this mix-
ated with the interlayer coupling scheme reported more reture was loaded in a gold crucible and heated in dry oxygen
cently is the observation of the secondary voltage peaks igas. The temperature of the oven was ramped within a
the measurements of using the dc flux transformer geometrgouple of hours to 920 °C at which the temperature was held
by the author$,in which a constant current is applied to the for 5 h before the cooling process. The initial cooling was at
primary layer with voltage recorded on the secondary layera very slow rate 1 °C/h to 820 °C, then at an intermediate
Similar to the dc-flux transformer study, lately, the correlatedrate of ~100 °C/h to 400 °C, and finally furnace cooled by
magnetic noise due to the motion of thermal vortices fromturning off the oven. Single crystals were taken out of the
the top to the bottom surfaces has also been detected lyucible mechanically. The typical sizes were a millimeter in
using two SQUID'S’ the ab plane and~20 um thick along thec axis. These
Parallel to these experimental works, there are progressiveelected crystals were postannealed in oxygen atmosphere
achievements in the study of the transport nature. As guidetbr more then 24 h at 500—-600 °C to improve the oxygen
by the observation of the secondary peaks, HorBdtgued homogeneity. One side polishéd mmx1 mmx0.5 mm
that these peaks are a manifestation of the interaction of inMgO crystals were used to mount sample and electrical con-
tralayer vortices and interlayer fluxons. Focusing on the intacts. As shown in Fig.(&), up to six electrical contacts were
terlayer correlation length of vortices in a vortex gas modelattached to a sample. Silver adhesi®&ME 3022 and gold
in which two-body interactions are considered, Piefson  wires were used to implement the electrical contacts. Contact
terpreted the peaks as vortex loops unbinding and layer deesistance less than(5was achieved by firing at 400—
coupling. Using a two-layer Josephson junction array, Yu500 °C for 1-2 h without a noticeable degrade of sample
and Stroud® concluded that the pronounced secondary peakguality.
can be a result of the interlayer Josephson interaction only Our measurements were performed inside a variable-
without invoking magnetic interaction. By changing the ratio temperature cryostat immersed irftde bath. To perform a

0163-1829/96/5¢)/36028)/$10.00 54 3602 © 1996 The American Physical Society



54 TRANSPORT PROPERTIES OF HIGH; . . . 3603
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FIG. 1. Multiple-terminal configurations of our measurements.
(a) Six electrical contacts for sampke where four contacts of size
L/4AXWI/4 are on the primary layer and two &@f/4XW on the
secondary layertb) The modified contact geometry for the 3LAR
model analysis, the bottom contacts are reduceld/4x W/4. The
origin of the Cartesian coordinate shown here is for dlieplane
analysis, while for thec-axis analysis, the center is at the left end
corner on the contadg.

FIG. 2. Linear resistivity model simulations f¢a) normalized
current density andb) the electrical potential on the primary layer
of a crystal in theab-plane measurements.

zero-field study, the cryostat was screened by superconduatiectrical current density and electrical potential in the
ing Pb foils, with a residual internal field less than 20 mG.sample, whilep,, p,, andp. denote the principle resistivity
Sample temperature was monitored with a carbon glass theglong the crystalline, b, andc axes. Since the resistivity
mometer over the temperature range 4-300 K. Currentalong thea andb axes is known to be approximately equal
voltage and resistive measurements were made using a fouwithin a factor of 3, we can simplify Eq.(1) by replacing
terminal technique in which square wave curreft8.9 H)  Pa @ndpy, With p,,=(papy) > and have Eq(2):
were applied by a current source and the sample voltages

detected with a lock-in amplifier. With the six electrical con- 10V 17V 154V

tacts[Fig. 1(a)], we managed to perform three types of mea- V= pa X + PRELY + po %2 0, @

surements. On thab plane the current was through contacts

A andC, voltageV,, monitored acros8 andD. Along the 1 2V 1 9V 1 o2V

c axis the current was applied through conta&tandE and V.J=— +— ==+ ——==0. 2
Pap I°X  pap Y  pc I°Z

voltageV,, recorded acros€ andF. For the dc-flux trans-
former geometry, we used the contaétsand C as current

leads ancE andF for voltageV, . The solution for Eq(2) is better expressed in a Fourier series

to cooperate with the rectangular sample geometry. In the
following, we will correlate the experimental parameters
Vap, Vs, andV, to the crystalline resistivity,, and p. in

To analyze our data, we developed a three-dimensiondWO cases.
linear resistivity(SLAR) model specifically for our measure-
ments. One shall see that this model can be readily modified
for similar multiterminal measurements. The starting point is For these measurements, we formulate the series solution
the conservation law of current, namely, the Laplace equaas Eq.(3) by setting the origin of the Cartesian coordinate at
tion as shown in Eq(1) in which J and V represent the the center of the bottom layer as illustrated in Fi¢h)l

Il. 3D LINEAR ANISOTROPIC RESISTIVITY MODEL

A. ab-plane measurements

2
+

2
4

m

wl 2l ®

V:% Vnmsin($) cos( %) cosr{ 77\/( %) \/(E

wherelL stands for the sample lengtW for the width. M are integers=0; andn are odd integers>0. Since the applied
current flows in and out the sample via the primary layer, there is no current coming out of the rest surfaces. In other words,
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the normal component of electrical field should be zero. In fact it is true that the normal components of electrical fields at the
surfaces ok=*L/2, y=0 are zero. With the orthogonal properties of sin and cos functions, the coeffijgrib the series
can be determined by the following double integration over the primary layer:

L/2 nmx mwy L/2 mwmy 19V
f f sinl —| co J(x,y,z)dx dy=—f sinl — dxf dy co —_— (4
Li2 W W

—-L/2 pc JZ
On the left-hand side of the equation, the area contributing to the integration is on the currefftgrads toW/4 and 0 to
L/4) on which the current density is assumed to be uniform,J=.16l/LW. Whereas on the right-hand side, the contribution
is from all over the surface. Assuming>0 andm=0, we have

nmx

v _16Ik cog nwr/4)sin(mar/4) 5
07 AmLWrSsinhpnzD/L) ®)

andp is for (pc/pap) Y% Forn>0 andm>0, we find

wherek is the abbreviation forf.p,p)

128k cog nw/d)sin(ma/4)
nmLWr3\[(n/L)%+ (m/W)Z]sinN par [ (n/L)2+ (m/W)Z]D}

By plugging these coefficients into EE), we calculate the potential difference between poirtg,z=D) and (—Xx,y,z=D)
on the primary plane and the result is

(6)

nm—

Vo) 32k Ew) cos(nw/4)sin(n77x/L) 256k i 2“: cog nar/4)sin(nax/L)sin(m/4)cog may/ W)
X,y)= .
Y= W & WZr%anipan(D/L)] i=1 m=1 nmm3ynZ+(mL/W)%an pmyn?+(mLU/W)3(D/L)]

0
On the secondary layer the potential difference between pbinysz=0) and(—x,y,z=0) can be obtained as

32k < cos(nn-/4)sin(n7-rx/L) 256k

VS(X,Y): W ngl nzﬂ-zsinl‘[pﬂ'n(D/L)] W j

M s

i cog nw/4)sin(nax/L)sin(ma/4)cog mary/W)

1 nma3nZ+ (mUW)ZsinH pmynZ+ (mUW)4D/L)]

®

We check the validity of the all the calculations by computing the normalized current density (d)Eapd that is expect to
reproduce the exact experimental condition

-3,

As shown in Fig. 2a), with n andm up to 25, we find that the value of the normalized current density is unity on the current
contact and zero elsewhere satisfying the experimental condition.

1

J/16I cognmw/4)sin(narx/L)

nwT

+n§1 mE: 8 cosm-r/4)sm(m7-r/4)sm(na-rx/L)cos(mwy/W) ©

nmam?

B. c-axis measurements

For thec-axis measurement, by using the same methodology as above we construct a somewhat more complicated series
solution as Eq(10),

V(X,Y,2)= >, Apmcos nx/L)cog mary/W)cosH m\(pe/pap) V(N/L)2+ (m/W)2z}

+ 2, Bymcog nax/L)cog may/W)sinb{ pv(pe/ pap) V(L) 2+ (m/W)2z} + Cz, (10)

wheren and m are integers=0. This solution can be ob- secondary layers. By using the double integration on the bot-
tained by placing the coordinate origin at the left end cornetom layer(z=0) and assumingn=n=0, we have

[refer to Fig. 1b)]. To have this solution, we also reduce
both the current and voltage contact size of the secondary I
layers fromL/4X W into L/4XW/4 in order to simplify the = pL_
results. Note that in Eq10) there are two extra term8,,,, LW
and C, as compared to Eq3); these two terms are intro-

duced to meet the boundary condition at the primary and th&or m=0, we find

(11)
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8kl sin(nw/4) With all the above coefficients and assuming-0, the inte-
Bro=—z 2w (120 gration on the primary layerz& D) give
7T
for n=0, — 8kl sin(nm/4) [ cosi{pnwD/L)—1
, 0T T 22\ sin(pn7D/L) | (15)
_8k| sin(mar/4)
om= M2zl 13 Assumingn=0, we have

and forn andm>0,

64k1 sin(nw/4)sin(m/4)
nm=— 3 . (14
nmLWa3\(n/L)Z+ (m/W)2

_ — 8kl sin(mm/4) (cosr(merD/W) -1

omT mlalL sinh(pmazrD/W) ) (16

and forn andm>0, one finds

A _—64k| sin(mr/4)sin(n/4)cog narx/L)cogd mmy/W) cosrﬁpq-r\/(n/L)7+(m/W)7D]—1 a7
nm nmaSLWA/(n/L) 2+ (m/W)?2 sin pry/(n/L)2+ (m/W)2D]
Given all the above coefficients, we compute the potential difference between pawnzE=D) and (x,y,z=0):
v B i 16k1 sin(mm/4)cog mary/W) [ cosipmaD/W)—1
C(X’y)_m:1 m? 2L sinh(pm#zD/W)

i 16k| sin(nar/4)cognmx/L) [ cosipnaD/L)—1\ pID

& mZ2W sinh(pnaDIL) LW

. % i 128&I sin(mar/4)sin(nar/4)cog narx/L)cog mary/W) [ cost{par(n/L)Z+(m/W)2D)—1 18
A=1 m=1 nmaSLWA/(n/L)2+ (m/W)? sin pm/(n/L)2+(m/W)2D] |

Once again, we examine the normalized current density ag1Byfor the c-axis case on both the primary and secondary
layers. Withn andm running up to 25, we find that the current density profile agrees with the experimental condition

sin(ma/4)cos may/W) . -

sin(nw/4)cognax/L) N 4 sinmr/4)sin(nw/4)cog narx/L)cog may/W) N 1

>

2m7T n=1

oo
>
m=1

2N

Ill. RESULTS AND DISCUSSIONS

We mention that our 3D model is basically equivalent to

that of Montgomery, Logan, Rice, and Wi¢k(MLRW).

nmar2 16
(19

uses a pair of voltages,, andV, to predict theV as shown

in Figs. 3a) and 3b). For some representative points, we
calculate theVy and find that the theoretical values agree
with the data quite well in the normal state with a deviation

Such equivalence in twolgdlmensmns has already been demy,q,t—109 but significant deviation starts to appear toward
onstrated by Busclet al.” We emphasize, however, that {he transition at about-88 K indicating the failure of the
given the tedious processes of rescaling sample dimensiomgodel. While the 3 LAR model yields a large peak, on the
and possibly one having to use an array of image chdtgescontrary, the data are rather smooth in that region. The
to derive the principle resistivities our formulations are muchmechanism for the peak is the current leakage from the pri-
simpler and straightforward. Furthermore our approach isnary layer to the secondary as illustrated in ). This is
useful to monitor the temperature dependence of the electriurther supported by the results in Fig(b4 where the
cal potential profile for given values of resistivities. For in- p./p,, obtained fromV,, andV, clearly decrease more rap-
stance, in Fig. @) we simulate the electrical potential on the idly in transition than that fronV,, andV,. The dissipation

top layer of a crystal near room temperature assurpi¥eb

seen inV, will be associated with the quantum coupling of

Q cm andp,,=200 uf) cm. It is found that the potential is thermal fluctuation which is to be explored in detail later.
guite smooth over the current pads, decreasing rapidly awayhe seemingly remergence of the data and the model cannot

from the pads.

be taken seriously as we shall demonstrate that in the tem-

We examine the applicability of this model to the normal- perature regime of the secondary peak the system is nonlin-
state voltage data of BSCCO crystals for the derivation ofar. We also find that the 10% error is irreducible that is
resistivities. We approach this by two means. One simplypresumably due to the simplification of the electrical con-
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FIG. 3. (a) Normal-state voltage datd,;, (A), Vs (O), andV,
(V) and 3LAR model calculations of (H) at a current of 0.1 mA
of sampleA. (b) Model predictions an&/ data near the transition.

FIG. 4. (a) Normal-state resistivities of samphe derived from
the 3LAR modelp. (A) andp,, (O0) are from data/,, andV,, and
pc (A) and p,, (H) are fromV,, andVs. (b) All the resistivities

. near the transition.
tacts on the secondary layer. In the above calculation, we use

Egs.(7) and (8) to extractp,,(T) and p.(T) first, then use paper the origin of the nonlinearity and its consequences will
the resulting resistivities and Eq18) to obtain V. The  be the focus of our discussion. To investigate the crossover
sample parameters are lengith-0.7 mm, widthw=0.5 mm,  from linearity to nonlinearity as the result of the condensa-
thicknessD =19 um, and contact positions afe=0.35 mm, tion of superfluid in the sample, we examine very carefully
0.36 mm, 19um) for V,,,, (=0.35 mm, 0 mm, Qum) for Vg,  the current-voltage characteristics of thb plane, of thec
and(0.68 mm, 0.05 mm, 1%m) and(0.68 mm, 0.05 mm, 0 axis and of the secondary layer by using the dc-flux trans-
um) for V. By repeating the same calculation using the datdormer method. In Fig. &), a family of ab-planelV curves
of (Vap, Vs), We obtain another set of resistivities. The are presented with an uniform current density on each,CuO
nearly identical values for the two sets @f,(T) andp(T) bilayers of sample8 by using four-probe method with cur-
as shown in Fig. 4 are expected. The normal-state anisotropggnt pads on both sides of the sample. Indeed such crossover
ratio of p.(T)/p,p(T) of the order 18-10" is in good accord is observed as the temperature is reduced indicating a 2D
with the data reported previously.Although not our main type of phase transition. By analyzing the data with the
points, the mixture of the metallic feature Bt-150 K and  power lawV=13T we find that the exponemi(T) shows a
semimetallic below in the.(T) as well as the 2—-3 times dramatic change from 1 to 3 at84.8 K as depicted in Fig.
higher values ofp,,(T) in the normal state are somewhat 5(b). Such a jump, as predicted by Nelson and Kosteffiig,
unexpected that, however, may be associated with eithdmown to be a consequence of the Lorentz force induced
slight sample inhomogenetfyor oxygen concentration off dissociation of thermal vortex pairs, a phenomena well es-
the optimum valué’ The consistency of the model in de- tablished in 2D superconductdtsThus we denote 84.8 K as
scribing all the data is indisputable indicating the linear nathe Kosterlitz-Thouless temperatufg of this sample. From
ture of the crystals above the transition. To our knowledgethe linear dependenteof thea(T) below T, which is pro-
the accuracy of our model analysis is of the best compared tportional to the superfluid density, we extrapolate the
the ~10% of Safaret al!® and ~50% of Suzuki® work in  Ginzberg-Landau mean-field temperatilig at ~86.4 K.
2D. From thelV curves along the ¢ axigsee Fig. 6a)] of
Since the electrical transport properties of the BSCCGsampleC, we find that nonlinearity set in at86.8 K. Con-
material cannot be described on the linear basis near thieary to theab plane, the mechanism of the nonlinearity is
transition[see Figs. @) and 4b)], in the remainder of this attributed to Josephson tunneling of the superfluid on LuO
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FIG. 5. Ab-plane current-voltage characteristics at 86.2, 85.4, F|G. 6. (a) c-axis current-voltage characteristics of samfle
85.2, 85, 84.9, 84.8, 84.7, 84.6, 84.5, 84.47, 84.42, 84.37, 84.3%ear transition and model fit. Solid lines are the values from the
84.28, 84.28, 84.19, 84.1, and 84 K of samBleThe solid lines are  Ambegaokar-Halperin theoryb) The temperature dependence of

representative fits to the data by using the powerVew®™. (b)  the critical current . determined from the theoretical calculations,
Temperature dependence of the expor(Tt) with the identified  the solid line is a guide for the eyes.

KT temperaturel; and the Ginzberg-Landau mean-field tempera-
ture To.

ThelV measurements on the saf@esample of using the

dc-flux transformer geometry as shown in Fida)7yields
bilayers through the insulting BiO layers. Ignoring the non-not only nonlinearity but also with pronounced peaks in the
uniform current effects, the low current behavior may assoiemperature between86.8 and~84.5 K. These results are
ciate with the effects of thermal fluctuations. According toanalogous to those in Refs. 6 and 24 where the applied cur-
the theory of Ambegaokar and Halpeéin(AH) for a  rent was held at fixed values so we are tempted to use the
superconductor-insulator-superconductéslS) Josephson Picture of interlayer coupling to interpret the results. We first
tunnel junction, thermal fluctuations could interrupt the note that the peaks appear in the temperature range between
phase coherence of superfluid from layer to layer thus introthe c-axis transition temperatur€ ;=86.8 K and theab-
ducing detectable dissipation. The equation that describes thdaneKT temperatureT 3°=84.5 K of this samplgsee the
current-voltage relation has been derived. Under the circuminset of Fig. Tb)]. At low current the interlayer coupling

stance that the bias current does not exceed the critical valugtrength is stiff and align the 2D vortices from the top to the
the approximated formulation is bottom layers very well so th¥/, is linear based on the
Bardeen-Stephen flux-flow mechaniéimAt higher currents
X o myx theV, increases following power laws due to the dissociation
V=2(1—X)6XF{ - 7’( (1-x2)+ m) Sln"<7), of vortex lines, and finally reaches the critical point that the
(20) coupling strength between layers, or the restoring forces, is
weakened such that, begins to fall off. At the peaks the
wherex=1/1,(T), y=#flJeT, andl is the critical current. lateral distance between vortices from a layer to the next one
To compare the theory and the experiment, we plot the theashould be larger than the average spacing causing either the
retical values as solid lines. It is clear that these theoreticaéffects of vortex cutting® or vortex melting, or vortex
results fit the data quite well and provide a sound basis. Thentanglemen?f as discussed in other works. Under this guide
fitting parameters of the critical currehf(T) are obtained line, we thus denote the currehj at the peaks as vortex
and plotted in Fig. ). It is found that the interlayer Joseph- lines decoupling from 3D to 2D. The temperature depen-
son current vanishes at abou86.8 K. dence ofl 4(T) plotted in Fig. Tb) appears to support this



3608 WAN, LEMBERGER, HEBBOUL, AND GARLAND 54

bias current approaching the critical current of the sample,the
system becomes linear and the 3LAR model is expected to
be effective again.

Lastly we discuss the implications of our results. One of
our main conclusions in regard to the origin of the secondary
peaks apparently against that of Suzuki who claimed the
peaks are due to the leakage of the primary current. This
cannot be true since the dependence of\th@) in the cur-
rent is not linear as would be predicted by the 3LAR model.
The interlayer coupling nature of vortices also appears to be
valid when magnetic vortices are introduced by an external
field. Our experimental results provide another proof for the
divergence of the resistivity ratie,/p,, determined from the
ab plane and thec-axis measurements by Safat al. al-

ML though the interpretation for such disparity is in terms of the
20 r N nonlocal picture.

T, 807 In summary, we have developed a three-dimensional re-
sistivity model and demonstrated the usefulness of the model
o b v | to the extreme anisotropic materials of BSCCO 2212 crys-

84 85 86 87 88 tals. Our model analysis suggests the ohmic nature of the
T(K) system above transition and nonlinear below. Measurements
of the current-voltage characteristics on the secondary layer
confirms the presence of 3D thermal vortex lines. These vor-
tex lines dissociating into weakly interacting 2D vortices is
/ under the influence of a strong applied current in agreement
— with our earlier work. Thermal fluctuations and the layer
nature have been demonstrated to be the key ingredients for
these unusual nonlinear phenomena in transition.

100

Vs(uv)

Vs(uv)

—
<
T

0 : [ 1
84 85 86 87 88
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FIG. 7. (a) Current dependence of the secondary voltsgg)
near the transition of samp(@. 14 is the current for the 3D vortex
lines decoupled to 20b) Temperature dependencelgf, the solid ACKNOWLEDGMENTS
line is a guide line for the eyes. The inset shovysat a fixedl =10
mA and the determined-axis andab-plane transition temperatures
by the interlayer vortex coupling model.
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