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Overdoping effects in Bi2Sr2CaCu2O8¿d : From electromagnetic to Josephson interlayer coupling
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We report a study of magnetic, structural, and transport properties of Bi2Sr2CaCu2O81d single crystals with
different degrees of overdoping. The overdoping is achieved by high oxygen pressure~up to 190 bar! anneal-
ing. The parameters used to characterize the overdoping were the crystallographicc-axis lattice parameter and
the superconducting transition temperature. The irreversibility lineHil and the characteristic field of the
order-disorder transition of the vortex structureHsp were obtained from dc magnetization with the applied
magnetic field perpendicular to the CuO2 planes. The large overdoped range has two well-defined regions:~i!
close to the optimal doping the interlayer coupling is mainly electromagnetic andHsp is given byF0 /lab

2 (0)
@lab(0) is the in-plane penetration depth atT50 K#, and~ii ! with further overdoping the Josephson interlayer
coupling becomes relevant, soHsp deviates fromF0 /lab

2 (0) and is fixed by the effective-mass anisotropy. All
the results indicate an increase in the coupling between CuO2 planes with overdoping.

DOI: 10.1103/PhysRevB.63.172505 PACS number~s!: 74.72.Hs, 74.25.Dw, 74.62.Dh
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I. INTRODUCTION

The layered superconductor Bi2Sr2CaCu2O81d ~Bi2212!
has the weakest known CuO2 planes coupling among th
high-temperature superconductors~HTSC!. In this material
the hole carriers are generated in the BiO double layers
accommodating extra oxygens, and they are transferre
the CuO2 planes.1 The overdoping and underdoping o
Bi2212 could be achieved by cationic substitutions2,3 or by
changes in the oxygen content.4 The superconducting critica
temperatureTc depicts a maximum at optimal doping.5

The effective-mass anisotropyg5Amc /mab depends on
the electronic nature of the material between CuO2 layers
and on the degree of charge transfer onto them. In the ca
Bi2212, g decreases monotonically with increasing dopin1

as has been observed in other HTSC.6–9

The H-T phase diagram of Bi2212, whereH is the ap-
plied magnetic field parallel to thec axis, has several char
acteristic features strongly determined by the weak Cu2

planes coupling: Bi2212 presents one of the largest vo
liquid regions among the HTSC, separated from a pinn
vortex array by a characteristic line (Hil ). At low fields and
high temperatures a first-order phase transition takes pla10

where a sublimation of an ordered vortex structure occ
The ordered vortex solid state is found only at low fields a
temperatures. At higher fields, an order-disorder transi
takes place at an almost temperature-independent fieldHsp ,
where the magnetization shows a peak~called the second
peak!.11,12 This order-disorder transition is believed to be
pinning-induced softening of the vortex structure.13

The oxygen doping in Bi2212 results in higherHsp values
as well as in a reduction of the vortex liquid region in t
H-T phase diagram.1,12

In layered superconductors the coupling between su
conducting planes is believed to occur via Josephson
rents, tunneling, and electromagnetic interactions that
pancakelike14,15 vortices. The Josephson coupling charact
istic length is sg, where s is the distance between CuO2
planes. For electromagnetic coupling the in-plane penetra
0163-1829/2001/63~17!/172505~4!/$20.00 63 1725
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depth lab(0) is the typical length. Whensg,lab~0!, the
Josephson tunneling is relevant and the coupling is expe
to be Josephson-like. In this case, atsg'a0 ~wherea0, is the
vortex lattice parameter!, the shear modulusC66 overcomes
the tilt modulusC44 and the vortex structure becomes tw
dimensional~2D!.13,15 Hence, the order-disorder transitio
characteristic fieldBsp5Hsp14p(12D)M ~whereD is the
demagnetizing factor! should take the value B2D

5F0 /(sg)2. On the other hand, when the anisotropy i
creases andsg.lab(0), theelectromagnetic coupling over
comes the Josephson coupling. Whenlab'a0, the vortices
begin to overlap andC66 increases continuously withB al-
though it changes its field dependence.16 It is expected that
pinning-induced short-wavelength tilt deformations of t
vortex structure become increasingly relevant, and the s
tem goes to a more 2D behavior due to thisC44 softening. In
this case, Bsp should be the signature of the characteris
field Bcr5F0 /lab

2 (0).3,17

The evolution of the main features of the (H-T) phase
diagram of Bi2212 with oxygen content can be understood
terms of the different degrees of coupling between panca
like vortices. However, there is no agreement as to whe
the relevant coupling between them is electromagnetic
Josephson-like in the Bi2212 system when the oxygen c
tent is varied. In fact,sg;lab(0);150022000 Å for
Bi2212, and bothg and lab(0) depend strongly on doping
concentration. Whileg shows a monotonic decrease wi
increasing doping,1 lab(0) depicts the so-calledboomerang
path.3,18–21Starting from the underdoped region,lab(0) is a
decreasing function of carrier concentration reaching a m
mum in the slightly overdoped region, increasing again w
a further carrier density increment. So it is expected that
can go from the Josephson coupling limit to the electrom
netic coupling limit by changing the carrier concentrati
~by cationic substitution or oxygen annealing!.

In this work we report a systematic study of the influen
of oxygen content on different properties of Bi2212 sing
crystals using several techniques such as x-ray diffrac
~XRD!, electric transport, dc magnetization, and ac susce
©2001 The American Physical Society05-1
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bility. We show that the overdoped range has two we
defined regions in this system. Close to the optimal dop
the interlayer coupling is mainly electromagnetic. With fu
ther overdoping the coupling becomes Josephson-like.
show the exact boundary that separates both regions, rem
ing the apparent controversy found in the literature on
kind of interlayer coupling in Bi2212.

II. RESULTS AND DISCUSSION

The crystals were grown in air using the self-flux tec
nique. Nearly stoichiometric powder materi
Bi2.4Sr2CaCu2Od was placed in Al2O3 boats in a cylindrical
furnace. When the maximum temperature (970 °C) w
reached the boat was moved to a furnace region with a la
thermal gradient (25 °C/cm) and the temperature was t
reduced to 825 °C at a rate of 0.02 °C/min. Single crystals
typical dimensions 1313(0.02–0.1) mm3 and average
composition Bi2.07Sr2.03Ca0.93Cu1.96O81d were selected for
this study. All the samples were annealed in Ar to achie
optimal doping before oxygen overdoping. The overdop
treatments were made in an oxygen high-pressure furnac
several fixed values of pure O2 pressures (PO2) ranging be-
tween 1–190 bar. The Ar and O2 heat treatments were pe
formed at 500 °C for 20 h followed by a fast cool down. T
critical temperatures were determined by ac susceptibilit

The best parameter to characterize the effects of the o
doping procedure on the crystals is the oxygen concentra
or the charge-carrier concentration. Although these varia
are not known, the oxygen annealing pressurePO2 is a fairly
good parameter correlated to those variables22 since all the
annealings were done at the same fixed temperature.
and Nieva22 showed thatTc decreases withPO2. However,
there is a lack of precision of the actual oxygen partial pr
sure in the Ar-annealed samples and a pronounced chan
Tc for low values ofPO2. Thus, we will useTc as the pa-
rameter to evaluate the charge-carrier density.

In Fig. 1, the c-axis lattice parameter~extracted from
XRD measurements! is shown as a function ofTc . A sys-
tematic decrease ofc with decreasingTc is observed. How-

FIG. 1. Thec-axis lattice parameter as a function ofTc . The
line is a guide for the eye.
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ever, this behavior saturates forTc below 78 K. The peak
width of the rocking curves shows no systematic change
ter overdoping. Planar defects in Bi2212 are known to infl
ence thec-axis alignment preferentially in planes perpe
dicular to those of the defects.23 Since our rocking curve
measurements were done at random directions, the ab
mentioned effect could have overcome any system
change of the peak width with doping.

Hil and Hsp were extracted from dc magnetization loo
measurements performed with a Quantum Design super
ducting quantum interference device magnetometer. A ty
cal magnetization loop forT525 K is shown in Fig. 2.Hil
was calculated as the onset of the irreversible behavior
Hsp as the midpoint between the valley and the peak, av
aging the values obtained from both branches of the lo
With our sample geometry,H'B provided that the demag
netizing factor is very close to 1~0.9–0.99!.24

The irreversibility lineHil versusTc is shown in Fig. 3.
The main panel depicts the data taken at a reduced temp
ture of 0.35. The enhancement ofHil with overdoping de-
pends on temperature. In the inset of Fig. 3 we plotted
maximum span ofHil @i.e., Hil (190 bar) andHil (0 bar) vs

FIG. 2. A typical magnetization loop. It shows the irreversibili
field Hil and the second peak fieldHsp .

FIG. 3. The irreversibility line as a function ofTc . Inset:Hil of
an optimally doped and a maximum overdoped~190 bar! sample
versus reduced temperature.
5-2
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the reduced temperature#. The normalized difference be
tween both curves seems to have a maximum at aro
T/Tc50.4.

In Fig. 4 we show the dependence ofHsp on Tc for two
different temperatures, extracted from dc magnetization l
measurements.Hsp is temperature independent and increa
monotonically with decreasingTc . This behavior makes evi
dent that the transition boundaryHsp moves toward higher
fields in theH-T phase diagram when the oxygen concent
tion increases. This is expected if the interlayer coupl
enhances. Unlike thec-axis lattice parameter, neitherHil nor
Hsp exhibit a saturation at lowTc ~highest overdopings!.

For several samples involved in this study we have de
mined the in-plane penetration depthlab(0). We extracted
lab(0) from the reversible part of the dc magnetizati
loops supposing a two-fluids model, i.e.,lab(T)
5lab(0)A1/@12(T/Tc)

4#. We found a nonmonotonicTc
dependence oflab(0) in agreement with other authors.3,19,25

This effect was ascribed to a pair breaking, provided t
ns /mab}1/lab

2 (0) (ns is the superconducting pair densit!
decreases, although the normal-state carrier concentratio
creases in the overdoped region.19,25

Transport measurements were performed in a sample
optimal doping and in the same sample with the maxim
overdoping~i.e., annealed at 190 bar!. In-plane and out-of-
plane resistances were determined using a multiterm
~eight-contact! configuration.26 With this technique, de-
scribed in detail in Ref. 27, homogeneous as well as in
mogeneous current distribution could be established in
samples. This allows not only the determination ofrc and
rab but also to check for sample defects that could lead t
erroneous determination ofrc . From these measuremen
we have estimated the electronic effective-mass anisotr
parameterg as the ratiog25rc /rab taken atT5100 K.

Aegerteret al.17 have shown a linear dependence ofHsp

with 1/lab
2 (0) in the optimally doped and slightly overdope

region for Bi2212, and this behavior was also corrobora
for other HTSC.17 However, there are reports~in other
HTSC or different doping regions! in which Hsp is not de-
termined only bylab(0) but alsog must be taken into

FIG. 4. Characteristic second peak field versusTc for two
different temperatures. It shows thatHsp is independent of
temperature.
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account.3,9 In particular, it was shown1,28 that in Bi2212 there
is a correlation betweenHsp and the electronic anisotrop
parameter.

In Fig. 5 is shown the dependence oflab(0), sg, and
AF0 /Hsp with Tc . We found that a linear dependence
Hsp with 1/lab

2 (0) is valid only in the region close to th
optimal doping. For higher degrees of doping,Hsp is related,
in turn, to 1/(sg)2. The characteristics of our transport e
periments and the fact that these measurements were don
the same sample before and after oxygen annealing, en
that the only point ofg in the overdoped region is a ver
good estimation.

The fact thatAF0 /Hsp follows the lab(0) dependence
close to the optimal doping region means that the elec
magnetic limit is obeyed in this region. For higher dopin
levels AF0 /Hsp deviates fromlab(0) indicating that the
trend is to a Josephson limit andHsp should be progressively
fixed by g. See the excellent agreement betweensg and
AF0 /Hsp in Fig. 5. The crossover from electromagnetic
Josephson coupling in this system coincides with the m
mum value measured forlab(0);2200 Å and therefore
values ofsg much larger than this will not scale withHsp .
In particular the underdoped samples of this material w
larger values ofsg would be in the electromagnetic couplin
regime, in agreement with the reports of Villardet al.3

III. CONCLUSIONS

We have shown that the superconducting critical tempe
ture is an excellent parameter to characterize the effect
oxygen annealing due to the fact thatTc is highly correlated
with carrier concentration. Thec-axis lattice parameter has
slight but monotonous reduction as the oxygen concentra
increases. This reduction should enhance the interlayer
pling ~and therefore reduce the anisotropy! as the increase in
the number of carriers does. However, we are not able
evaluate both contributions separately.

FIG. 5. London penetration depth~full squares!, AF0 /Hsp

~open circles!, and electronic anisotropy multiplied by the interlay
distances ~full triangles! as a function ofTc .
5-3
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The irreversibility line and the order-disorder transitio
move toward higher fields just as it was expected from
coupling enhancement in the overdoped region. The la
enhancement of the pinned vortex array region~limited by
Hil ) between the optimally doped and the maximum ov
doped sample corresponds toT/Tc;0.4.

Hsp follows the F0 /lab
2 (0) expression in the optimally

doped and slightly overdoped region indicating that the p
cake vortices are coupled by electromagnetic interactio
However, for higher doping levelsHsp deviates from
F0 /lab

2 (0) meaning that the coupling becomes progr
sively Josephson-like. The crossover from one type of c
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pling to the other was found to be atlab(0);sg
;2200 Å.

ACKNOWLEDGMENTS

We gratefully acknowledge F. de la Cruz for stimulatin
discussions. We thank A. Herbsommer for a critical read
of the manuscript. V.F.C. acknowledges partial support fr
CONICET, Argentina, of which G.N. is a member. Also, th
work was partially supported by AN-PCYT PICT97-03
00061-01116, CONICET PIP96/4207, and Fundac´n
Balseiro.
s.

,

d,

l-
C

,

n,

C

ys.
*Present address: MPI fu¨r Chemische Physik fester Stoffe,
D-01187 Dresden, Germany.

1K. Kishio, in Coherence in High Temperature Superconductors,
edited by G. Deutscher and A. Revcolevschi~World Scientific,
Singapore, 1996!, p. 212.

2X.-G. Li, X. Zhao, X.J. Fan, X.F. Sun, W.B. Wu, and H. Zhang
Appl. Phys. Lett.76, 3088~2000!.

3G. Villard, D. Pelloquin, and A. Maignan, Phys. Rev. B58, 15
231 ~1998!.

4S. Ooi, T. Shibauchi, and T. Tamegai, Physica C302, 339~1998!.
5J. Shimoyama, K. Kishio, Y. Kotaka, K. Kitazawa, and K. Yama

fuji, in Proceedings of the Sixth United States-Japan Worksh
on High-Tc Superconductors, Houston, 1993, edited by K.
Salma, C.W. Chu, and W.K. Chu~World Scientific, Singapore,
1994!, p. 245.

6T.R. Chien, W.R. Datars, B.W. Veal, A.P. Paulikas, P. Kostic, C
Gu, and Y. Giang, Physica C229, 273 ~1994!.

7M.A. Hubbard, M.B. Salamon, and B.W. Veal, Physica C259,
309 ~1996!.

8M. Suzuki and M. Hikita, Phys. Rev. B44, 249 ~1991!.
9J. Hofer, J. Karpinski, M. Willemin, G.I. Meijer, E.M. Kopnin, R.

Molinski, H. Schwer, C. Rossel, and H. Keller, Physica C297,
103 ~1998!.

10H. Pastoriza, M. Goffman, A. Arribe`re, and F. de la Cruz, Phys.
Rev. Lett.72, 2951~1994!.

11E. Zeldov, D. Majer, M. Konczykowski, A.I. Larkin, V.M. Vi-
nokur, V.B. Geshkenbein, N. Chikumoto, and H. Shtrikman, Eu
rophys. Lett.30, 367 ~1995!.

12B. Khaykovich, E. Zeldov, D. Mayer, T.W. Li, P.H. Kes, and M.
Konczykowski, Phys. Rev. Lett.76, 2555~1996!.

13A.E. Koshelev and V.M. Vinokur, Phys. Rev. B57, 8026~1998!.
,

-
op

.

-

14P.H. Kes, J. Aarts, V.M. Vinokur, and C. van der Beek, Phy
Rev. Lett.64, 1063 ~1990!; J.R. Clem, Phys. Rev. B43, 7837
~1991!.

15L.I. Glazman and A.E. Koshelev, Phys. Rev. B43, 2835~1991!.
16G. Blatter, V.B. Geshkenbein, A.I. Larkin, and H. Nordborg

Phys. Rev. B54, 72 ~1996!.
17C.M. Aegerter, S.L. Lee, H. Keller, E.M. Forgan, and S.H. Lloy

Phys. Rev. B54, R15 661~1996!.
18Y.J. Uemuraet al., Phys. Rev. Lett.62, 2317 ~1989!; 66, 2665

~1991!.
19Ch. Niedermayer, C. Bernhard, U. Binninger, H. Glu¨ckler, J.L.

Tallon, E.J. Ansaldo, and J.I. Budnick, Phys. Rev. Lett.71, 1764
~1993!.

20C. Bernhard, Ch. Niedermayer, U. Binninger, A. Hofer, J.L. Ta
lon, G.V.M. Williams, E.J. Ansaldo, and J.I. Budnick, Physica
226, 250 ~1994!.

21X. Zhao, X. Sun, X. Fan, W. Wu, X. Li, S. Guo, and Z. Zhao
Physica C307, 265 ~1998!.

22E.E. Kaul and G. Nieva, Physica C341-348, 1343~2000!.
23M.R. Koblischka, R.J. Wijngaarden, D.G. de Groot, R. Griesse

A.A. Menovsky, and T.W. Li, Physica C249, 339 ~1995!.
24A. Mumtaz, Y. Yamaguchi, K. Oka, and G. Rajaram, Physica

302, 331 ~1998!.
25J.L. Tallon, C. Bernhard, U. Binninger, A. Hofer, G.V.M. Will-

iams, E.J. Ansaldo, J.I. Budnick, and Ch. Niedermayer, Ph
Rev. Lett.74, 1008~1995!.

26E. E. Kaul, M.D. thesis, Instituto Balseiro, 1998.
27F. de la Cruz, D. Lo´pez, and G. Nieva, Philos. Mag. B70, 773

~1994!.
28T. Tamegai, Y. Iye, I. Oguro, and K. Kishio, Physica C213, 33

~1993!.
5-4


