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Superconducting properties of strongly underdoped Bi2Sr2CaCu2O8¿x single crystals
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We have successfully obtained high-quality strongly underdoped Bi2Sr2CaCu2O81x ~Bi-2212! single crys-
tals by growth in reduced oxygen partial pressure. Doping levels could subsequently be varied from under-
doped through optimally doped to overdoped by a straightforward post-annealing treatment. We have charac-
terized the obtained crystals by low-field magnetic screening experiments as well as by reversible
magnetization in fields to several tesla and report the values of the penetration depth and carrier density.
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I. INTRODUCTION

Underdoped high-Tc superconductors~HTS’s! are inter-
esting because they show the universal pseudogap form
in addition to the superconducting gap. They are also in
esting from the point of view of vortex physics because
their strong anisotropy and layered nature. The doping le
of the Bi2Sr2CaCu2O81x ~Bi-2212! compound can be varie
either by partial cation replacement or by oxygen dopi
For instance, to get underdoped samples, Sr or Ca ca
partially substituted by cations of higher valencies, such
Y,1 or Cu can be partially replaced by Zn or Ni.2 To get more
overdoped levels Bi has been partially replaced by P3

However, substitution techniques usually lead to inhomo
neous crystals exhibiting strong irreversibility which hinde
the study of superconducting properties. It is also rather
ficult to distinguish the effect of substitution from that
various atomic displacements which may occur. The disor
due to the displacements together withd-wave symmetry
leads to a reduction ofTc which should be distinguishe
from the effect of the change in carrier concentration.4 In
order to avoid disordering, one often chooses to control
oxygen concentration by means of post-anneal treatmen
a gas atmosphere with different partial pressures of oxyg
The post-anneal procedures work well to obtain optima
doped and overdoped crystals since the as-grown Bi-2
crystals in air are already overdoped.5 To extend the post-
anneal treatment of Bi-2212 in order to obtain strongly u
derdoped samples one needs an extreme reduction of ox
partial pressure which easily leads to a decomposition of
single crystals.6 In addition, even the most careful pos
anneal treatments gave rise to underdoped crystals with
tively broad resistive transitions (dTc'6 –10 K).7,8 There-
fore we tried to find a way for preparing Bi-2212 crysta
which are uniform and underdoped as-grown.

In this paper we present a convenient way to obtain s
strongly underdoped single crystals of Bi-2212. We use
traveling solvent floating zone~TSFZ! technique at relatively
low partial pressures of oxygenand successfully obtaine
high-quality crystals withTc as low as 65 K and with shar
superconducting transitionsdTc<2.5 K. We studied the in-
fluence of post-anneal treatments at different oxygen p
sures on the superconducting properties by measuring
0163-1829/2002/66~2!/024502~6!/$20.00 66 0245
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reversible magnetization. The small bulk pinning gives a
cess to a wide field and temperature range; also, geomet
and surface effects are negligible over an extended regio
the phase diagram. We have analyzed the reversible ma
tization of the strongly underdoped samples using exist
theoretical models and we find that the effect of therm
fluctuations is much smaller than predicted for entirely d
coupled pancake vortices, indicating that the fluctuating
jects are stacks of small numbers of pancakes and that
Tc short-range phase coherence extends over small dista
(>3s) even in fields of a few tesla (s is the layer spacing!.
Accounting for the influence of this effect, the modified ter
dM/d(ln H);l2(0)/l2(T) versusT could be fitted both by
thed-wave pairing model9 and the clean-limit BCS theory.10

By using two-dimensional ~2D! scaling theory,11 the
Ginzburg-Landau~GL! coherence lengthj could be deter-
mined as well.

II. EXPERIMENTS

Bi2Sr2CaCu2O81x single crystals were grown by th
TSFZ method.5,12 Several growths runs were carried out u
der different partial pressures of oxygenPO2

by mixing oxy-

gen with pure argon. We choosePO2
’s of 10 mbar, 25 mbar,

100 mbar, 130 mbar, and 200 mbar. Hereafter we deno
samples produced from these runs by Bi-10 to Bi-20
respectively.

The chemical composition, homogeneity, and quality
the as-grown Bi-2212 single crystals were checked by e
tron probe microanalysis~EPMA!, x-ray diffraction, and
magneto-optically imaging the penetration of magnetic fl
into the superconducting phase.13 Magnetization measure
ments were carried out in a superconducting quantum in
ference device~SQUID! magnetometer with the field applie
parallel to thec axis and a 4 cmscan length. For the Bi-25
samples we determined the contribution from the sam
holder by measuring between 100 K and 240 K. This ba
ground signal turned out to be temperature independ
therefore, all the presented magnetization data were obta
by subtracting the background signal measured at 120 K.
superconducting transition temperatureTc was determined
from ac susceptibility measurements in an ac field of 1
©2002 The American Physical Society02-1
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parallel to thec axis and with a frequency of 171 Hz. Th
remanent dc field of the superconducting coil was elimina
by degaussing the magnet. The linear extrapolation of
x8(T) data to zero definedTc . The width of the transition
dTc was taken as the temperature difference between 1
and 90% of the full ac field expulsion.

Our reversible magnetization experiments were mai
carried out on three single crystals cleaved from the sa
Bi-25 batch. Various doping levels were achieved by diff
ent post-anneal treatments performed for three days:~i! at
750 °C in air to obtain a nearly optimally doped crystal~this
sample was denoted as Bi-25-OP, and its dimension
2.3630.9030.017 mm3), ~ii ! in flowing N2 at 700 °C for
the underdoped crystal~Bi-25-UD with dimensions 1.54
30.7330.090 mm3), and ~iii ! in flowing O2 at 400 °C for
the overdoped crystal~Bi-25-OV with dimensions 2.20
30.5330.054 mm3).

III. RESULTS AND DISCUSSIONS

A. Crystals properties

Figure 1 shows the temperature dependence of the ac
ceptibility (x8 and x9) of the different as-grown Bi-2212
single crystals extracted from the five as-grown rods, Bi
to Bi-200. Their chemical composition,c axis, Tc , anddTc
values are given in Table I. Figure 2 shows theTc values of
these samples plotted versusPO2

. It is seen thatTc strongly

FIG. 1. Magnetic ac susceptibility@x8(T) and x9(T)] of the
as-grown samples, from Bi-10 to Bi-200, measured with ac fi
hac51 G and frequency5 171 Hz.

TABLE I. Characteristics of Bi-2212 single crystals grown
different partial oxygen pressures.

Crystal samples Bi: Sr: Ca: Cu c ~nm! Tc ~K! dTc ~K!

Bi-200 2.25:1.89:1.00:2 3.078 86.5 2.5
Bi-130 2.29:1.87:1.01:2 3.088 85.5 2.7
Bi-100 2.24:1.92:0.95:2 3.093 90.5 2.5
Bi-25 2.23:1.90:0.96:2 3.089 73.5 3.0
Bi-10 2.23:1.91:0.93:2 3.089 73 9.0
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depends on the oxygen partial pressure during growth, w
Tc of Bi-100 is as large as 90.5 K with a sharp transiti
(dTc<2.5 K) indicating a nearly optimally doped sampl
Bi-10 and Bi-25 both haveTc;73 K and are underdoped i
oxygen. The much broader transition (dTc;9 K) and the
greater difficulty to cleave sample Bi-10 indicate that
quality is inferior to that of the other crystals.

We also plot the length of thec axis in Fig. 2. According
to high-pressure studies on Bi-2212,14,15 we would expect
that the changes inTc and the length of thec axis are pro-
portional and given bydTc /d(ln c)52.93103 K. Compar-
ing with the data we conclude thatTc of Bi-130 seems some
what low, whereasTc of Bi-200 is somewhat high. This
unexpected nonsystematic behavior may be related
smaller Sr/Ca ratio in Bi-130 in comparison to that of B
200. For the overdoped Bi-2212 samples, experimental d
showed that a slightly smaller Sr/Ca ratio yields a smallerTc
and vice versa.5 From Fig. 2 we also note that for the unde
doped samples there is a strong decrease inTc while the
c-axis parameter remains almost constant. Since the ca
concentrations of Bi-10, Bi-25, and Bi-100 are the same,
change in Tc has to come from the change of oxyge
content.

Post-anneal treatments were carried out on samples f
the batch Bi-25. The ac susceptibility of the post-annea
samples Bi-25-UD, Bi-25-OP, and Bi-25-OV together wi
the as-grown Bi-25 are shown in Fig. 3. We see that
doping levels change from strongly underdoped (Tc
565.0 K) to nearly optimally doped (Tc587.3 K) and
then to overdoped (Tc577.0 K). Notably, the superconduc
ing transition of Bi-25-UD withTc565.0 K is still sharp
(dTc<2.5 K), almost the same as for the other doping le
els. Usually the superconducting transitions for the und
doped HTSC samples were reported to be much broader
those of the optimally doped and overdoped states.4,16 We
conclude that the doping levels of the as-grown, underdo
Bi-2212 crystals can be conveniently changed over a w
range.

The crystals from the Bi-25 batch appeared to be mo
free of line-shaped macrodefects, which are often reporte
occur in as-grown-in-air Bi-2212 crystals. These line-shap
defects are believed to be intergrowths of t

d

FIG. 2. Tc (d) andc-axis parameter (L) vs the partial oxygen
pressurePO2

of as-grown samples from Bi-10 to Bi-200. The sol
and dashed lines are guides to the eyes.
2-2
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SUPERCONDUCTING PROPERTIES OF STRONGLY . . . PHYSICAL REVIEW B66, 024502 ~2002!
Bi2Sr2Ca2Cu3O101x ~Bi-2223! phase.17 Such defects
strongly affect vortex pinning and motion and give rise
very irregular flux line distributions.18 The presence of thes
extended, linear defects is easily seen in magneto-optica
servations of magnetic flux penetration. A typical example
shown in Fig. 4~a! for a crystal from the Bi-200 batch in
which linear defects were frequently observed. This pheno
enon was mostly not observed on crystals from the Bi
batch. An example is shown in Fig. 4~b! where a regular
‘‘roof’’-shaped pattern demonstrates the absence of exten
defects. As a possible explanation, we note that during
growth in low oxygen partial pressures the heat input t
controls the temperature at the solid-liquid interface w
somewhat lower than when growing in air. It thus seems t
the comparatively lower growing temperature suppresses

FIG. 3. Ac susceptibility@x8(T) and x9(T)] of the samples
Bi-25-UD (L), Bi-25-OP (¹), and Bi-25-OV (n) together with
the as-grown Bi-25 (s).

FIG. 4. Magneto-optic images of two Bi-2212 single crysta
~a! shows the image taken after removing a field of 483 G at 20
for a crystal from the Bi-200 batch (1.8930.69 mm2340 mm).
The line-shaped defects are clearly visible.~b! shows an as-grown
crystal from the Bi-25 batch ~dimension 1.4630.67 mm2

340 mm). The image was taken after the field was switched
from 475 G at 25 K.
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growth of these linear defects, which can in turn be und
stood through the higher temperature at which the Bi-22
phase forms.

B. Reversible magnetic properties

Figure 5 shows the reversible magnetizationM of Bi-
25-UD as function of temperature nearTc in different fields.
Within experimental error, all theM (T) curves intersect a
the same crossing point (M* ,T* ), with T* 564.6 K. The
crossing point is the result of the 2D nature of the critic
fluctuations in the strongly layered superconductors. We t
use 2D scaling for the magnetization at temperatureT for
various fieldsH not far away fromHc2.11,19,20The inset to
Fig. 5 showsM /ATH plotted against the scaling paramet
@T2Tc(H)#/ATH for fields above 0.5 T. It is seen that ou
data follow the 2D scaling very well if we takeTc(H)
5Tc(0)2H/Hc28 with m0Hc2

8 5m0(]Hc2
/]T)T5Tc

50.82 T/K and Tc(0)5Tc0569.6 K (m054p
31027 Hm21). Furthermore, we could determine th
Ginzburg-Landau coherence lengthj(0) from the relation
m0Hc2

8 5F0/2pj(0)2Tc(0) and obtainedj(0)52.5 nm.

The same analysis for Bi-25-OP and Bi-25-OV yields t
results in Table II. It is seen thatTc0 is significantly higher
than the trueTc determined from the ac susceptibility, su
gesting that the temperature range betweenTc0 and T*
should be identified as the critical fluctuation regime.22 This
regime decreases for the optimally doped and overdo
samples.

The measurement of the reversible magnetization is o
used to determine the value of the penetration depthl(T)
and the superfluid densityns . In the mean-field London ap
proximation the reversible magnetization is given by

M052
«0

2F0
lnS hHc2

H D . ~1!

.

f

FIG. 5. The reversible magnetization of the sample Bi-25-UD
function of temperature in different magnetic fields: 0.01 T (L),
0.02 T (v), 0.05 T (x), 0.1 T (s), 0.2 T (!), 0.5 T (n), 1 T ((),
2 T (*), and 5 T (̂ ). Inset: 2D scaling of the magnetization da
of the same crystal for 0.5 T, 1 T, 2 T, and 5 T, respectively, w
Hc28 50.82 T/K andTc(0)569.6 K.
2-3
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TABLE II. Properties of post-annealed Bi-2212 single crystals grown inPO2
525 mbar.

Samples Tc ~K! dTc ~K! c ~nm! T* ~K! Tc0 ~K! Hc28 ~T/K! j(0) ~nm!

Bi-25-UD 65.0 2.5 3.090 64.4 69.6 0.82 2.5
Bi-25-OP 87.3 1.0 3.086 86.1 90.1 2.0 1.3
Bi-25-OV 77.0 1.0 3.080 76.6 78.4 1.2 1.8
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Here«0(T)5F0
2/@4pm0l2(T)# andh;0.35 is a constant o

order unity. In layered quasi-2D superconductors therm
driven positional fluctuations of the pancake vortices w
suggested to give rise to an entropic termM1 which should
be added to the reversible magetization nearTc .11,19 The
entropy term for single pancake vortices is given by

M15
kBT

sF0
lnS H0

H D , ~2!

wheres'15.4 Å is the interlayer distance for Bi-2212 an
H0 is a characteristic field of orderHc2 determined by the
Gaussian excitations of the order parameter in the vo
core.22 Obviously, the total magnetizationM5M01M1
should also be proportional to lnH, but the temperature de
pendence of the slope should differ from thel22(T) behav-
ior. This has been observed by, e.g., Liet al.23 and van der
Beeket al.24

Figure 6 shows the reversible magnetizationM of Bi-
25-UD as function of fieldH at different temperatures. Th
absolute values ofM decrease more or less proportionally
ln(1/H). In Fig. 7 we plot the measureddM/d(ln H) ~open
circles! determined from the logarithmic slopes ofM above
m0H50.3 T in Fig. 6. To demonstrate the possible effect
an entropy term~2! we also plotd(M2M1)/d(ln H) vs T
~open diamonds!. Obviously, the term dM1 /d(ln H)
5kBT/(sF0) is much larger thandM/d(ln H) in a wide
range of temperatures. If we linearly extrapolated(M
2M1)/d(ln H) to zero ~see the dotted line in Fig. 7!, the

FIG. 6. Field dependence of magnetization of the Bi-25-U
measured from 30 K to 63.5 K. The reversible magnetization w
determined from the supposed measurements increasing an
creasing field.
02450
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intersection occurs at 84 K, nearly 14 K higher than t
measured mean-field critical temperatureTc0 ~determined
from the scaling analysis! to which we expect this line
should extrapolate. Therefore it seems that the termM1 over-
estimates the entropy contribution.

Recently van der Beeket al.21 introduced a phenomeno
logical parameterK as a measure for the correlation leng
La over which pancake vortices are aligned along thec axis:
La5Ks. Pancake correlations reduce the entropy term b
factor K. In principle, K could depend on temperature, b
for the transparency of the analysis we chooseK to be con-
stant. Determiningl2(0)/l2(T) for optimally doped Bi-
2212 fromM05M2M1 /K with K53, Rykov and Tamega
obtained good agreement with the penetration depth va
which resulted from surface impedance measurements.25

Pursuing this line of thought we assume that the me
field magnetization nearTc can be written asM5M0
1M1 /K; outside the critical regime, the open squares in F
7 are described by

dM

d~ ln H !
5

«0~T!

2f0
2

kBT

Ksf0
, ~3!

with «0(T)5«0(0)(12T/Tc0) and «0(0)
5f0

2/@4pm0lGL
2 (0)#, where lGL(0) is the Ginzburg-

Landau penetration depth atT50 K. At T* the magnetiza-
tion is independent of field, i.e.,dM/d(ln H)50, which
means that atT* we have

,
s
de-

FIG. 7. Temperature dependence of logarithmic slop
dM/d ln H, with M the measured magnetization (s), the modified
correctionM2M1/3 (h) andM2M1 (L) for the sample Bi-25-
UD. The solid and dashed lines are fitting by the BCS andd-wave
theory, respectively. The two fitting methods give the values
lBCS(0)5323 nm andld-wave(0)5269 nm. The dotted line nea
Tc shows the large entropy termM1(T) compared toM (T).
2-4
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SUPERCONDUCTING PROPERTIES OF STRONGLY . . . PHYSICAL REVIEW B66, 024502 ~2002!
«~T* !

2f0
5

kBT*

Ksf0
. ~4!

The derivative]2M /]T] ln H obeys the relation

2
d

dT S dM

d~ ln H ! D5
«0~0!

2f0Tc0
1

kB

Ksf0
, ~5!

which is nearly independent ofT. Using Eq.~4! this can also
be written as

2T*
d

dT S dM

d~ ln H ! D5
f0

8pm0lGL
2 ~0!

. ~6!

It is remarkable that this relation, from whichlGL(0) can be
obtained, does not containTc0 or K. We see that the effect o
the entropy term in comparison to the simple mean-field
proach is a replacement ofTc0 by T* in Eq. ~6!. Therefore
the error inlGL(0) by not accounting for the entropy term
previous analyses is not very big, only 1%–2% as follo
from Table II. The values oflGL(0) and the London pen
etration depthlL(0)5A2lGL(0) which were obtained this
way are summarized in Table III for these Bi-25 sampl
The results compare satisfactorily with previous resul5

Once lGL(0) is determined, the value of the parameterK
immediately follows form Eq.~4!. For Bi-25-UD we gotK
53.2, whereasK53.5 andK54.8 resulted for the optimally
doped and overdoped samples. Physically we should ex
integer numbers forK. The noninteger value forK, e.g.,K
53.2, may be interpreted as the average of correlated st
of mostly three pancake vortices and sometimes more
sometimes less.

It is quite surprising that in the liquid regime of Bi-221
for several doping levels the pancake vortices are still so
how correlated in thec direction and not completely decou
pled. We note that there exists a relation between the va
of K in Table III and the anisotropy which decreases w
oxygen doping. The same conclusion has been arrived
Rykov and Tamegai.25 We also point out that when we plo
d(M2M1 /K)/d(ln H) vs T ~the squares in Fig. 7! with K
53, the intersection with theT axis occurs at 69.5 K, which
coincides well with the value forTc0 that was determined
from the 2D scaling analysis in the critical regime. T
squares in Fig. 7 thus represent a corrected data set
which the temperature dependence of the penetration d
can be deduced.

The mean-field behavior ofl2(0)/l2(T) should follow
the dM0 /d(ln H) data and providel(0) as a fitting param-
eter. The London penetration depth fors-wave superconduct

TABLE III. The fitting results of the different doped Bi-25
samples. All units ofl are in nm.

Samples K lGL(0) lL(0) ld-wave(0) lBCS(0)

Bi-25-UD 3.2 235 322 269 323
Bi-25-OP 3.5 163 230 185 213
Bi-25-OV 4.8 136 192 168 196
02450
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ors should follow from a pure limit BCS fit,10, given by the
dashed line in Fig. 7, yieldinglBCS(0)5323 nm. Within
experimental error this is indeed the case~see Table III!,
which supports the validity of the correction procedure
the entropy term. The drawn line in Fig. 7 displays the te
perature dependence for ad-wave superconductor9 with fit
parameterld-wave(0)5269 nm. The values for the othe
samples are given in Table III. Below 30 K a comparison
between theoretical fits is made impossible because of
pinning. This is unfortunate, because the clean-limit BCS
is doing just as well as thed-wave fit. It is also seen that th
averaged-wave penetration depth at zero temperature is
preciably smaller than the London result.

Finally, we show in Fig. 8 how for our Bi-25 samples th
zero-temperature penetration depth depends on the
number per Cu,nh , by plottinglL

22(0) versusnh . The latter
was determined by using the empirical relation given
Presland et al.26: namely, Tc /Tc

max51282.6(nh20.16)2,
where for the cation composition of sample
Tc

max'87.3 K.27 Within the error bars we find a linear de
pendence over the entire doping regime from strongly und
doped to moderately overdoped.

IV. CONCLUSIONS

In conclusion, we showed that the doping levels of a
grown Bi-2212 crystals are very sensitive to the partial pr
sure of oxygen during growth. Interestingly, Bi-2212 sing
crystals grown inPO2

525 mbar are excellent for furthe
research because of high quality and the possibility to v
the doping levels from strongly underdoped to slightly ov
doped by means of post-anneal treatments. By analyzing
reversible magnetization of the strongly underdoped sam
within the existing theoretical models we obtained some
percondcuting parameters, such as its penetration depthl(T)
and coherence lengthj(0). We found that the effect of the
thermal fluctuations was not as large as expected for enti
decoupled pancake vortices. Correlated stacks of three to
pancakes could explain the data well. The temperature
pendence of the corrected empiricaldM/d(ln H) could be
fitted equally well by both thed-wave pairing and the BCS
clean-limit theory.

FIG. 8. 1/lL
2(0) vs hole number per Cu,nh , for Bi-25-UD to

Bi-25-OP and Bi-25-OV, from left to right, respectively. The dash
line is a guide to the eyes.
2-5
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