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Superconducting properties of strongly underdoped BjSr,CaCu,Og.., Single crystals
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We have successfully obtained high-quality strongly underdope8rfaCyOg, , (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 reversible magnetization. The small bulk pinning gives ac-
cess to a wide field and temperature range; also, geometrical
Underdoped highF, superconductor$HTS's) are inter-  and surface effects are negligible over an extended region of
esting because they show the universal pseudogap formatidhe phase diagram. We have analyzed the reversible magne-
in addition to the superconducting gap. They are also intertization of the strongly underdoped samples using existing
esting from the point of view of vortex physics because oftheoretical models and we find that the effect of thermal
their strong anisotropy and layered nature. The doping levdluctuations is much smaller than predicted for entirely de-
of the B,LSr,CaCyOg, , (Bi-2212) compound can be varied coupled pancake vortices, indicating that the fluctuating ob-
either by partial cation replacement or by oxygen dopingjects are stacks of small numbers of pancakes and that near
For instance, to get underdoped samples, Sr or Ca can De short-range phase coherence extends over small distances
partially substituted by cations of higher valencies, such a§=3s) even in fields of a few teslas(is the layer spacing
Y, or Cu can be partially replaced by Zn or NTo get more  Accounting for the influence of this effect, the modified term
overdoped levels Bi has been partially replaced by?Pb.dM/d(InH)~\?(0)/\?(T) versusT could be fitted both by
However, substitution techniques usually lead to inhomogethe d-wave pairing modéland the clean-limit BCS theofY.
neous crystals exhibiting strong irreversibility which hindersBy using two-dimensional (2D) scaling theory! the
the study of superconducting properties. It is also rather difGinzburg-LandauGL) coherence lengtl§ could be deter-
ficult to distinguish the effect of substitution from that of mined as well.
various atomic displacements which may occur. The disorder
due to the displacements together wilwave symmetry
leads to a reduction of; which should be distinguished [l. EXPERIMENTS
from the effect of the change in carrier concentrafidn.
order to avoid disordering, one often chooses to control th .
oxygen concentration by means of post-anneal treatments ﬁ;SFZ_ method":lz_Several growths runs were ca}rr_|ed out un-
a gas atmosphere with different partial pressures of oxygerfi€ different partial pressures of oxygeg, by mixing oxy-
The post-anneal procedures work well to obtain optimallygen with pure argon. We choo$®, 's of 10 mbar, 25 mbar,
doped and overdoped crystals since the as-grown Bi-221200 mbar, 130 mbar, and 200 mbar. Hereafter we denoted
crystals in air are already overdopedo extend the post- samples produced from these runs by Bi-10 to Bi-200,
anneal treatment of Bi-2212 in order to obtain strongly un-respectively.
derdoped samples one needs an extreme reduction of oxygen The chemical composition, homogeneity, and quality of
partial pressure which easily leads to a decomposition of théhe as-grown Bi-2212 single crystals were checked by elec-
single crystal$. In addition, even the most careful post- tron probe microanalysiSEPMA), x-ray diffraction, and
anneal treatments gave rise to underdoped crystals with relaagneto-optically imaging the penetration of magnetic flux
tively broad resistive transitionssT.~6-10 K)/® There- into the superconducting phastMagnetization measure-
fore we tried to find a way for preparing Bi-2212 crystals ments were carried out in a superconducting quantum inter-
which are uniform and underdoped as-grown. ference devicéSQUID) magnetometer with the field applied
In this paper we present a convenient way to obtain suclparallel to thec axis aml a 4 cmscan length. For the Bi-25
strongly underdoped single crystals of Bi-2212. We use thesamples we determined the contribution from the sample
traveling solvent floating zon@ SF2) technique at relatively holder by measuring between 100 K and 240 K. This back-
low partial pressures of oxygeand successfully obtained ground signal turned out to be temperature independent;
high-quality crystals withT; as low as 65 K and with sharp therefore, all the presented magnetization data were obtained
superconducting transition$T.<2.5 K. We studied the in- by subtracting the background signal measured at 120 K. The
fluence of post-anneal treatments at different oxygen pressuperconducting transition temperatufg was determined
sures on the superconducting properties by measuring tifeom ac susceptibility measurements in an ac field of 1 G

Bi,Sr,CaCyOg, , single crystals were grown by the
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FIG. 1. Magnetic ac susceptibilityy'(T) and x"(T)] of the

as-grown samples, from Bi-10 to Bi-200, measured with ac fielddepends on the oxygen partial pressure during growth, while
hac=1 G and frequency= 171 Hz. T. of Bi-100 is as large as 90.5 K with a sharp transition
(6T,=<2.5 K) indicating a nearly optimally doped sample.
parallel to thec axis and with a frequency of 171 Hz. The Bj-10 and Bi-25 both hav@.~73 K and are underdoped in
remanent dc field of the superconducting coil was eliminatedxygen. The much broader transitiodT.~9 K) and the

by degaussing the magnet. The linear extrapolation of thgreater difficulty to cleave sample Bi-10 indicate that its
x'(T) data to zero defined@.. The width of the transition quality is inferior to that of the other crystals.
oT. was taken as the temperature difference between 10% We also plot the length of the axis in Fig. 2. According
and 90% of the full ac field expulsion. to high-pressure studies on Bi-221%'° we would expect
Our reversible magnetization experiments were mainlfthat the changes ifi, and the length of the axis are pro-
carried out on three single crystals cleaved from the samgortional and given by T./d(Inc)=2.9x10° K. Compar-
Bi-25 batch. Various doping levels were achieved by differ-ing with the data we conclude th@it of Bi-130 seems some-
ent post-anneal treatments performed for three déysat ~ what low, whereasT, of Bi-200 is somewhat high. This
750°C in air to obtain a nearly optimally doped crysthis  unexpected nonsystematic behavior may be related to
sample was denoted as Bi-25-OP, and its dimension wasmaller Sr/Ca ratio in Bi-130 in comparison to that of Bi-
2.36x0.90x0.017 mnd), (ii) in flowing N, at 700°C for  200. For the overdoped Bi-2212 samples, experimental data
the underdoped crystaBi-25-UD with dimensions 1.54  showed that a slightly smaller Sr/Ca ratio yields a smaller
X0.73<0.090 mni), and(iii) in flowing O, at 400°C for  and vice versd.From Fig. 2 we also note that for the under-
the overdoped crysta(Bi-25-OV with dimensions 2.20 doped samples there is a strong decreas&_ iwhile the
X 0.53<0.054 mnd). c-axis parameter remains almost constant. Since the cation
concentrations of Bi-10, Bi-25, and Bi-100 are the same, the
change inT, has to come from the change of oxygen
content.
A. Crystals properties Post-anneal treatments were carried out on samples from
utg_e batch Bi-25. The ac susceptibility of the post-annealed
samples Bi-25-UD, Bi-25-OP, and Bi-25-OV together with
dhe as-grown Bi-25 are shown in Fig. 3. We see that the
doping levels change from strongly underdoped. (
=65.0 K) to nearly optimally dopedT=87.3 K) and
then to overdopedT.=77.0 K). Notably, the superconduct-
ing transition of Bi-25-UD withT,=65.0 K is still sharp
(6T.=<2.5 K), almost the same as for the other doping lev-
els. Usually the superconducting transitions for the under-
doped HTSC samples were reported to be much broader than
Crystal samples  Bi: Sr: Ca: Cu ¢ (nm) T, (K) 8T, (K) those of the optimally doped and overdoped statésne
conclude that the doping levels of the as-grown, underdoped

IIl. RESULTS AND DISCUSSIONS

Figure 1 shows the temperature dependence of the ac s
ceptibility (x' and x") of the different as-grown Bi-2212
single crystals extracted from the five as-grown rods, Bi-1
to Bi-200. Their chemical compositiol,axis, T., and 8T,
values are given in Table I. Figure 2 shows thevalues of
these samples plotted versBg,. It is seen thafl; strongly

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

Bi-200 2.25:1.89:1.00:2 3.078  86.5 2.5  Bi-2212 crystals can be conveniently changed over a wide
Bi-130 2.29:1.87:1.01:2 3.088 85.5 2.7 range.

Bi-100 2.24:1.92:0.95:2 3.093 90.5 25 The crystals from the Bi-25 batch appeared to be mostly
Bi-25 2.23:1.90:0.96:2 3.089 735 3.0 free of line-shaped macrodefects, which are often reported to
Bi-10 2.23:1.91:0.93:2 3.089 73 9.0 occur in as-grown-in-air Bi-2212 crystals. These line-shaped

defects are believed to be intergrowths of the
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FIG. 3. Ac susceptibilityl y’(T) and x"(T)] of the samples FIG. 5. The reversible magnetization of the sample Bi-25-UD as
Bi-25-UD (¢ ), Bi-25-OP (vV), and Bi-25-OV (A) together with function of temperature in different magnetic fields: 0.01 &)
the as-grown Bi-25Q). 0.02T(<1),0.05T (>),0.1T(0),02T(x),05T (A), 1T (®),

2T (©),and 5T ®). Inset: 2D scaling of the magnetization data
of the same crystal for 0.5 T, 1 T, 2 T, and 5 T, respectively, with
Bi,S,CaCu;0y0,, (Bi-2223 phase’’ Such defects H.,=0.82 T/K andT,(0)=69.6 K.
strongly affect vortex pinning and motion and give rise to
very irregular flux line distribution$® The presence of these growth of these linear defects, which can in turn be under-
extended, linear defects is easily seen in magneto-optical otgtood through the higher temperature at which the Bi-2223
servations of magnetic flux penetration. A typical example isPhase forms.
shown in Fig. 4a) for a crystal from the Bi-200 batch in
which linear defects were frequently observed. This phenom- B. Reversible magnetic properties
enon was mOSﬂy not Observed on CryStals from the B|'25 Figure 5 shows the reversible magnetizatiﬁhof Bi-
batch. An example is shown in Fig(B} where a regular 25-UD as function of temperature neky in different fields.
“roof”-shaped pattern demonstrates the absence of extendegjithin experimental error, all th&(T) curves intersect at
defects. As a possible explanation, we note that during théhe same crossing poinM*,T*), with T*=64.6 K. The
growth in low oxygen partial pressures the heat input thakrossing point is the result of the 2D nature of the critical
controls the temperature at the solid-liquid interface wasjyctuations in the strongly layered superconductors. We thus
somewhat Iov_ver than when g_rowing in air. It thus seems thagjse 2D scaling for the magnetization at temperaflirfor
the comparatively lower growing temperature suppresses thgarious fieldsH not far away fromH,.11%?°The inset to
Fig. 5 showsM/TH plotted against the scaling parameter
[T—T.(H)]/\TH for fields above 0.5 T. It is seen that our
data follow the 2D scaling very well if we tak&.(H)
=T(0)—H/Hg, with moHe, = mo(dHe, /dT) -1
=0.82 T/K and T, (0)=T,=69.6 K (wo=4m
x10"" Hm™1). Furthermore, we could determine the
Ginzburg-Landau coherence lengf(0) from the relation
,uoHé2=<I>0/27r§(0)2Tc(0) and obtained ¢(0)=2.5 nm.
The same analysis for Bi-25-OP and Bi-25-OV yields the
results in Table Il. It is seen that,, is significantly higher
than the trueT, determined from the ac susceptibility, sug-
gesting that the temperature range betw@gp and T*
should be identified as the critical fluctuation regifA@his
regime decreases for the optimally doped and overdoped
samples.
FIG. 4. Magneto-optic images of two Bi-2212 single crystals. The measure_ment of the reversible magne_tization is often
(a) shows the image taken after removing a field of 483 G at 20 KUSed to determine the value of the penetration deyth)
for a crystal from the Bi-200 batch (1.89.69 mn?x40 xm).  and the superfluid densitys. In the mean-field London ap-
The line-shaped defects are clearly visill®. shows an as-grown Proximation the reversible magnetization is given by
crystal from the Bi-25 batch(dimension 1.460.67 mn?
X 40 um). The image was taken after the field was switched off M= _ -0 ( 7Heo
from 475 G at 25 K. o 2,

()
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TABLE Il. Properties of post-annealed Bi-2212 single crystals growﬁ(yf 25 mbar.

Samples T. (K) 6T (K) ¢ (nm) T (K) Teo (K) He, (TIK) £(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

Hereeo(T)=®3/[4muoM?(T)] and~0.35 is a constant of intersection occurs at 84 K, nearly 14 K higher than the
order unity. In layered quasi-2D superconductors thermallyneasured mean-field critical temperatufg, (determined
driven positional fluctuations of the pancake vortices wergrom the scaling analysisto which we expect this line
suggested to give rise to an entropic teliy which should should extrapolate. Therefore it seems that the térprover-
be added to the reversible magetization ngar'>*® The  estimates the entropy contribution.
entropy term for single pancake vortices is given by Recently van der Beekt al?! introduced a phenomeno-
logical parameteK as a measure for the correlation length
_kgT [Hg L, over which pancake vortices are aligned alongaleis:
Ml_@m H 2) L,=Ks. Pancake correlations reduce the entropy term by a
factor K. In principle, K could depend on temperature, but
wheres~15.4 A is the interlayer distance for Bi-2212 and for the transparency Of the ana'ysis we ChOKSE) be con-
Ho is a characteristic field of ordét., determined by the stant. Determining\2(0)/\%(T) for optimally doped Bi-
Gaussian excitations of the order parameter in the vorteyoq1o fromMo=M — M, /K with K=3, Rykov and Tamegai
core?” Obviously, the total magnetizatioM=Mo+M;  gbtained good agreement with the penetration depth values
should also be proportional to hh, but the temperature de- \hich resulted from surface impedance measurenfénts.
pendence of the slope should differ from the?(T) behav- Pursuing this line of thought we assume that the mean-
ior. This has been observed by, e.g.,dtial”® and van der field magnetization neaf, can be written asM=M,

Beeket al?* _ o _ +M,/K; outside the critical regime, the open squares in Fig.
Figure 6 shows the reversible magnetizatighof Bi- 7 are described by

25-UD as function of fieldH at different temperatures. The
absolute values dfl decrease more or less proportionally to
In(1/H). In Fig. 7 we plot the measuretiM/d(InH) (open
circles determined from the logarithmic slopes ldf above
noH=0.3 T in Fig. 6. To demonstrate the possible effect of
an entropy term2) we also plotd(M —M,)/d(InH) vs T
(open diamonds Obviously, the term dMj/d(InH)
=kgT/(s®) is much larger thardM/d(InH) in a wide
range of temperatures. If we linearly extrapolai¢M
—M,)/d(InH) to zero(see the dotted line in Fig.),7the

dM _ So(T) kBT
d(nH) ~ 2¢, Ksey'’ )

with eo0(T)=e0(0)(1—T/Tg) and £0(0)

= ¢pel[Amuoh3, (0)], where Ag (0) is the Ginzburg-
Landau penetration depth @&=0 K. At T* the magnetiza-
tion is independent of field, i.,edM/d(InH)=0, which

means that aT* we have

O T 1000 T T T T
| ey _ To - 65K] |
et = = ]
“ir g ra] - ]
A o, E, 1
E I /./"*/:';A;jﬁ— athe T 600 fF " i
% < = : ]
- -2 /ﬁéﬁ/i:;ﬁ‘yj‘ =]
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001 o1 ! FIG. 7. Temperature dependence of logarithmic slopes
H (T ) dM/d In H, with M the measured magnetizatio®], the modified

correctionM —M4/3 (O) andM—M, (<) for the sample Bi-25-

FIG. 6. Field dependence of magnetization of the Bi-25-UD,UD. The solid and dashed lines are fitting by the BCS dnaave
measured from 30 K to 63.5 K. The reversible magnetization wagheory, respectively. The two fitting methods give the values of
determined from the supposed measurements increasing and dezc0)=323 nm and\ y.ya,e(0)=269 nm. The dotted line near
creasing field. T. shows the large entropy terM(T) compared taM (T).
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TABLE Ill. The fitting results of the different doped Bi-25
samples. All units of\ are in nm.
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FIG. 8. 1A2(0) vs hole number per Cwy,, for Bi-25-UD to
The derivative9?M/JTdInH obeys the relation Bi-25-OP and Bi-25-0V, from left to right, respectively. The dashed
line is a guide to the eyes.
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which is nearly independent @t Using Eq.(4) this can also
be written as

ors should follow from a pure limit BCS fif, given by the

dashed line in Fig. 7, yielding.gc0)=323 nm. Within

experimental error this is indeed the casee Table lI),

which supports the validity of the correction procedure for

the entropy term. The drawn line in Fig. 7 displays the tem-

_ bo perature dependence fordawave superconductdmith fit

N 8771“0}\(23L(0). ©) parameter g.wa,e(0)=269 nm. The values for the other
samples are given in Table Ill. BelowO3K a comparison

It is remarkable that this relation, from whialy, (0) can be between theoretical fits is made impossible because of flux

obtained, does not contain,, or K. We see that the effect of pinning. This is unfortunate, because the clean-limit BCS fit

the entropy term in comparison to the simple mean-field apis doing just as well as thé-wave fit. It is also seen that the

proach is a replacement af,, by T* in Eq. (6). Therefore —averaged-wave penetration depth at zero temperature is ap-

the error in\ g, (0) by not accounting for the entropy term in preciably smaller than the London result.

previous analyses is not very big, only 1%—2% as follows Finally, we show in Fig. 8 how for our Bi-25 samples the

from Table II. The values ok, (0) and the London pen- zero-temperature penetration depth depends on the hole

etration depthv, (0)= 2\, (0) which were obtained this number per Cuny,, by plotting\ [ (0) versusn, . The latter

way are summarized in Table lIl for these Bi-25 sampleswas determined by using the empirical relation given by

The results compare satisfactorily with previous restlts. Presland et al?®. namely, T./T'®=1-82.6(,—0.16),

Once g (0) is determined, the value of the parameter where for the cation composition of samples

immediately follows form Eq(4). For Bi-25-UD we gotK T#~87.3 K27 Within the error bars we find a linear de-

=3.2, wherea¥X = 3.5 andK =4.8 resulted for the optimally pendence over the entire doping regime from strongly under-

doped and overdoped samples. Physically we should expedbped to moderately overdoped.

integer numbers foK. The noninteger value foK, e.g.,K

=3.2, may be interpreted as the average of correlated stacks

of mostly three pancake vortices and sometimes more and V. CONCLUSIONS

sometimes less.

It is quite surprising that in the liquid regime of Bi-2212  In conclusion, we showed that the doping levels of as-
for several doping levels the pancake vortices are still somedrown Bi-2212 crystals are very sensitive to the partial pres-
how correlated in the direction and not completely decou- sure of oxygen during growth. Interestingly, Bi-2212 single
pled. We note that there exists a relation between the valuggystals grown inPo =25 mbar are excellent for further
of K in Table Il and the anisotropy which decreases withresearch because of high quality and the possibility to vary
oxygen doping. The same conclusion has been arrived bthe doping levels from strongly underdoped to slightly over-
Rykov and Tamegat We also point out that when we plot doped by means of post-anneal treatments. By analyzing the
d(M—M,/K)/d(InH) vs T (the squares in Fig.)Awith K reversible magnetization of the strongly underdoped sample
=3, the intersection with th& axis occurs at 69.5 K, which within the existing theoretical models we obtained some su-
coincides well with the value foll ., that was determined percondcuting parameters, such as its penetration depth
from the 2D scaling analysis in the critical regime. Theand coherence lengtf(0). We found that the effect of the
squares in Fig. 7 thus represent a corrected data set frothermal fluctuations was not as large as expected for entirely
which the temperature dependence of the penetration deptlecoupled pancake vortices. Correlated stacks of three to five
can be deduced. pancakes could explain the data well. The temperature de-

The mean-field behavior af2(0)/\?(T) should follow pendence of the corrected empiriaiM/d(InH) could be
thedM;/d(InH) data and provide.(0) as a fitting param- fitted equally well by both thel-wave pairing and the BCS
eter. The London penetration depth fawave superconduct- clean-limit theory.

-T

L d [ dm
dT\d(InH)
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