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Temperature and doping dependence of the penetration depth in BiSr,CaCu,0g4, 5

0. Waldmanr¥, F. Steinmeyef,and P. Miier*
Walther-Meil3ner-Institut, Walther-Mei3ner-Strasse 8, D-85748 Garching, Germany

J. J. Neumeier
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

F. X. Ragi, H. Savary, and J. Schneck
France Téecom, Centre National d'Etudes desl@@mmunications de Bagneux, F-92220 Bagneux, France
(Received 8 December 1995

Using torque magnetometry in the Shubnikov state, we have studied the London penetration depth
Nap(T) of Bi,Sr,CaCu,0Og, s and (Pb,Bi, _,) ,Sr,CaCw0g, 5 single crystals with different oxygen excess
6. With increasing charge carrier density/m*ocll)\gb(O) the transition temperature at first increases, then
approaches a maximum, and finally decreases. The sample independent, universal behavior found in the 1:2:3
family is not confirmed. Dependent on preparation prehistory of the samples, either linear or quadratic low
temperature behavior of,,(T) was observed. A linear term is seen for samples with high maximum
T.~94 K, while samples with quadratic behavior show a significantly reddcedThe results are discussed
in terms ofd-wave superconductivity with resonant impurity scattering.

In the current debate on possible pairing mechanisms ihigh impurity concentration would be required to obtain a
high temperature superconductors, penetration depth meguadratic law, resulting in a strong decreasd gfvhich has
surements can provide two important contributions. not been observetiHowever, for ad-wave superconductor

(1) The transition temperatuf®, is highly sensitive to the ~with resonant scattering even a small impurity concentration
ratio of the Cooper pair density, to the electron effective N; gives rise to a quadratic temperature dependence below a
massm* [ns/m*oc]_/)\gb(o)], m* is the electron effective Ccrossover temperatlfré'*oc\/n_i. Above T* the linear term
mass for transport parallel to the Cu@ayers. Previous in- is conserved. The small impurity concentrationdecreases
vestigations yielded conflicting results. In muon spin-Tc only slightly. Recently, in a series of experiments on
relaxation («SR) measurements in a wide class of high tem-YBa2Cuz07 (YBCO) single crystals and epitaxial YBCO

perature superconductofd TSC's), Uemuraet al* reported films, a linear temperature dependence has been measured at
a universal linear relation betwée‘r'k and n./m* at low low temperature$,in contrast to the quadratic behavior ob-
S

carrier doping levels, whereas in heavily doped samples Satﬁ_eweq_earlle?. After adding a small concentration of zinc
: . .Impurities, the linear temperature dependence was shown to
ration or a slight decrease was observed. In contrast, in

e : change to quadratic behavior below a crossover
#SR measurements in B1,Pb,Sr,Ca; _,Y ,Cu;04. ; with tempgraturé.l C()]n the other hand, in YBCO films an expo-
differentx, z, and 8, Weberet al? found no systematid@, '

" : . , nential temperature dependence has also been repgétied.
Vs ng/m* correlation, glthpughnslm varied by a facto_r of  the case of BjSr,CaCu,04 (BSCCO quadratic tempera-
almost 2. In a magnetization study of samples with different,, o dependencies have been observed s ar.
oxygen content, Damling et al2 found a variation of the Compared to YBCO, BSCCO is a simpler HTSC system;
transition temperatures while the absolute values of the pennere are no CuO chains which can mask any clear doping
etration depth remained unchanged. dependence. Furthermore, it is extremely anisotr&bic,
(2) The penetration depth at low temperatures allows difnearly two dimensiondf and has only a small orthorhombic
ferent classes of pairing mechanisms to be separated. A sdistortion from the tetragonal unit céff. The aim of this
perconductor witts-wave pairing exhibits a finite excitation work is to investigate the temperature and oxygen doping
energy with a minimum energy gap.,,. Therefore for dependence of the penetration depth in BSCCO in more de-
clean superconductors(T) at low temperatures varies“as tail. In the following we first develop the method used to
M(T)—N(0)xexp(— Amin/kgT). In contrast, all of the pos- measure\,,(T). Then setup and sample preparation are de-
sible nons-wave spin singlet pairing states of a supercon-scribed. After the method’s experimental check the results
ductor with tetragonal or orthorhombic symmetry and aare discussed. We close with a conclusion.
spherical or cylindrical Fermi surface have line nodes in the Our experimental approach allows the measurement of
gap leading to a linear temperature dependéfice, the temperature dependence of the penetration depth for
AMT)—A(0)=T, in the clean limit. Impurity scattering magnetic fields perpendicular to the Cu@lanes,\ ,(T),
changes the temperature dependence of the penetration depifth high resolution as well as the precise determination of
for boths- andd-wave models.For sufficiently strong scat- its absolute value. As has been shown earlier, for intermedi-
tering a quadratic temperature dependenk€])—\(0) ate external fieldsH ;<H<H,,, the penetration depth can
«T2, is obtained. In the standard Born approximation, a be determined from the reversible magnetization contributed
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by the closely packed arrangement of vortiten the an- “‘I’o/)\ib induced by superconducting currents, averaged
isotropic  Ginzburg-Landau model of Hao and CI&m, over the bulk of the sample. This eliminates possible sources
the magnetization perpendicular to the Gu@anes is given  of errors such as shape effects, thermal expansion of the
by sample, surface effects, fissures, surface degrad&@on

deficiency, multiply connected material, etc. Furthermore,
__ad n BHca1 (1  Infields of about 10 T the magnetization is about a thousand

8muoh2, H co®d times smaller than the fieldV, (H=10 T)~10 mT]. There-

fore demagnetization effects can clearly be neglected.
where® is the angle between the magnetic field anaxis (4) In conventional type Il superconductors it is hard to
of the sample, andv=0.77, B=1.44 are constants in the achieve a reversible magnetization. However, in HTSC's and
field range 0.02H/H¢; <0.3. @, is the magnetic flux especially in BSCCO, the small pinning gives access to the
quantum anduo=4mXx10 'V s/A m. Because of the large reversible magnetization over a wide temperature and field
magnetic anisotropyy=X\./\,, of BSCCO[y=240-900 range. Compared to conventional methods for determining
(Ref. 14] the magnetic properties can be regarded as twehe irreversibility line, e.g., ac susceptibility or evaluation of
dimensional in a wide angle randetan®<vy (e.g., magnetization curve® (H,T=const), the presented method
tan 89.8 = 240. The component of magnetization parallel working in a strict dc-field mode yields a low lying irrevers-
to the CuQ, planes,M, is smaller tharM, by an order of ibility line.
v. Therefore, the magnetization being normal to the planes (5) The method’s range of validity can be determined ex-

MJ_:

with high accuracy, the resulting torque is perimentally. As long as reversibility, scaling, ard
. «In(H) are fulfilled simultaneously, any other known con-
7=~ poVM_H sin® (2 tribution to the magnetization is negligible.g., fluctua-

i . tiong). Scaling will be explained below.

where V is the vozlume of the sample. Instead of evaluating (6) In the quasi-two-dimension&PD) regime, ta® < v,
dM, /d InHox®o /A5, [Eq. (1)] at fixed temperature points, e |ayered structure of the superconductor and any details of
we can enhance the resolution of the measurement of th@e weak interlayer coupling are unimportant. For instance,
temperature dependence of the penetration depth by applyinfle 2p Jimit of the anisotropic London or Ginzburg-Landau
a temperature sweep method in a fixed field3Hc,, (T) IS theory is equivalent to that of the Lawrence-Doniach
known with logarithmic accuracy, both the temperature dey,gqe|1®
pendence and the absolute valuegf(T) can be deter- The torque was measured with a torsion wire
mined from torquer(T,H=const). As the superconducting magnetometéf (diameter 26 mm, length 30 mnwhich pro-
volume may be smaller than the sample volume, the detekjides a high resolution of\ 7=10"2 Nm. This allows the
mined values of the penetration depth are upper bounds. Thgmperature dependence of the penetration depth to be deter-
following points confirm that the method is highly reliable in mined with a resolutionfol A for typical sample weights of
BSCCO. _ 100 g and fields up to 16 T. A small and reproducible

(1) Due to the short coherence lengtfigh in HTSC's,  thermal drift amounts to about 10% of the signal between 4
local theories are an excellent approximattén.Further- K and 120 K and has been subtracted in each case. The
more, in BSCCO with Ginzburg-Landau parameter 130,  yncertainty of the absolute valife-2000 A) is estimated as
Hci<H<Hc; is a wide field range experimentally. +100 A and is composed of the following three contribu-
~ (2) The reversible magnetization is insensitive to geomettions. Torques are calibrated to within 3% accuracy by a
ric properties of the vortex lattice. In the simple London small coil next to the sample, the orientation of the sample
theory the parametes in Eq. (1) describes the specific vor- rejative to the field can be determined with a precision of
tex lattice configuratioff (hexagonal, square, amorphous, 0.9, and finally the sample volume was calculated from the
liquid, etc), but depends only weakly on it. This is analo- mass using a density of 6.6 g/ciwith an error< 1%. For
gous to the small dependence of the Abrikosov parametaf,e temperature measurements a Cefhosensor (Lake
Ba oOn vortex structure (hexagonal: 84=1.16, square: ghore Cryotronic, Ing.calibrated with an accuracy of 8 mK
Ba=1.18)7"In the treatment of Hao and Clem based on theyas used. The sensor's magnetoresistance in fields up to 16
more precise Ginzburg-Landau model, the small energy diff jeads to a maximum temperature error of 0.5% at 4.2 K,
ferences between specific vortex structures are evejhich decreases rapidly with increasing temperature and
neglected’ The paramete (anda) now describes the cor- therefore can be neglected. Transition temperatures of the
rections to the London model due to contributions from thesamp|es were determined from the onset of the supercon-
core condensation energy and kinetic energy associated WiHﬂJcting magnetization with an accuracy of 0.5 K in good
gradients in the magnitude of the order parameter. agreement with resistive methods.

(3) Many alternative methods widely used to measure the ' BSCCO single crystals were grown by a self-flux method
penetration depth are based upon the spatial dependencejgfajumina (batches | and )i or gold crucibles(batches IlI
the magnetic field. For example, microwave techniques deand V). Details of preparation have been described
termine the penetration depth from the spatial field depeng|sewheré*??The single-crystal structure was confirmed us-
denceB= B(F/A) at a surface in the Meissner st8fex SR ing x-ray diffraction. The stoichiometries of all the samples
techniqgues measure the weak magnetic field distributionvere determined by x-ray microprobe fluorescefealues
(AB?)x\~* between vortices in the mixed st&fedowever,  given in Table ). Variations in samples from the same batch
in the method presented here the penetration depth is deterere small(3 at %9. The oxygen content was varied by an-
mined essentially by the value of the magnetizatidn nealing the samples in flowing argon or oxygen at ambient
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TABLE I. Stoichiometry of the batches as measured by micro- 1
probe analysis. 147>
/ sample B (Ar)
Batch Lead content Stoichiometry MO |
M(0) 75T

I 12% Pb PR 2eBi1.7451.85C8 6CU1 0508+ 5

I 20% Pb PRy 3B 175511 75Cay 1CU, Og+ 5 05+

n Pb free Bi; 1Sr1.¢Ca9.74CU2. g+ 5

\ Pb free Bi, 1Sr; /Ca; 1Cu, Og. s
pressure and at temperatures between 550 °C and 650 °C. 0 , : ' 3
Due to the small diffusion constants in BSCE®annealing 0 0.5 t=T/T 1

- Cc

times ranged between 4 and 8 days. Samples B, C, and D
were annealed several times in different atmospheres, and
sample A was annealed in oxygen atmosphere under high FIG. 2. Magnetization normalized to the extrapolated value at
pressure(300 baj at 440 °C. Because of the small sample T=0 K vs temperaturd. Fields were 7.5 T, 10 T, and 14 T from
size, the precise oxygen content could not be determined, fdrottom to top. Towards low temperatures the magnetization freezes
example, by iodometric titration. as the field dependent irreversibility line is crossed. At temperatures
Figure 1 shows that the data are in excellent agreemergtbove~0.85T the curves spread under the combined influence of
with the relationM | (H)«In(H) in the field range between 5 thermal vortex fluctuations and a noticeable temperature depen-
T and 16 T. The extrapolation tuoM,=0 T yields dence ofBH,, . In the intermediate temperature range scaling is
In[ BuoHez, 1=IN[150+20 T] independent of temperature up Perfect.
to T~0.85T,. As was observed by Chet al,?* the magne-
tization obeys a scaling lawm , (T,H)=f(T)g(H) over a o )
wide temperature range. Equatidd) then implies that P€ar to be similar to the BCS behavior. A very weak tem-
BH.,, is temperature independent. The factorization of thgP€rature dependence was also seen for as grown saffiples.
magnetization into a temperature independent term and The gap is related to the upger critical field via the cohgrence
field independent term can be seen in Figs. 1 and 2, respel&ngdth by uoHcz, :2%38/277§ab and yp~hve/mA (ve is
tively. The deviations from this scaling behavior abovethe Fermi velocity. 4 A weak temperature dependence
~0.85T, (see Fig. 2 can be explained by the temperature €ven for_OZ-anneaI_ed sampl_es can be seen in Flg. 1. As the
dependence oBH,, and by thermal vortex fluctuatiofs. ~Penetration depth is d_ete.rm.lned from the reversible magne-
From measurements of the quasiparticle scattering intensijzation, this method is limited to temperatures above the
in the Raman effeét and the temperature dependence of thefreversibility line Ti(H). This is indicated by an arrow in
Josephson critical curréiita very weak temperature depen- Fig. 2. Once the temperature decreases below the irrevers-
dence for the energy gap is seen for Ar-annealed sampld8ility temperatureT;,, the vortices get pinned and the mag-

from batch Il (see Table I, while O,-annealed samples ap- Netization deviates from its equilibrium value. _ _
Table Il lists the most important properties of the investi-

gated samples in different annealing stateg,(0) was de-

termined by extrapolating the low temperature power law to
1.5 : T=0 K (see below The small values oh,,(0) and the
sample C (O,) high maximumT ., indicate excellent sample quality. For ev-
ery sample, the ratio of the charge carrier density to the
effective mass, given in the London theory Img/m*
=[uoe®\2,(0)]71, increases with growing oxygen doping.
The arrows in Fig. 3 indicate the direction of increasing oxy-
gen contentT. as a function of oxygen content thus pos-
sesses the well-known maximufhAs T, versusng/m* be-
haves in the same mannéFig. 3), ng/m* varies roughly
proportionally to the oxygen content. It is remarkable that
y ng/m* for the Pb-doped sample B depends only weakly on
0.5 , N — oxygen doping, although there is a striking influence on

2 3 5 10 15 T.. Compared to the Pb-free samples, an increase of

ns/m* by Pb doping is absent, although Pb should introduce
additional holes. It was argued earlier that the Pb-doped
FIG. 1. Magnetization normalized to the valueiaH=6 T vs holes are immobile and therefore do not contribute to the

In(H) at different temperatures. The 22 K curve is strongly hyster-Charge carrier d‘3nSi1§/-|:0r sample C thel; maximum is
etic. The 30 K, 40 K, and 50 K curves lie on the same line. Theshifted to lowerns/m* although its Ca deficiency implies

curves for 60 K and 70 K show only very small deviations from the addition of holes. The uni\l/ersal behavior fy versus
the scaling law. Extrapolating tou,M,=0 T vyields ng/m* found by Uemuraet al.” cannot be confirmed for

IN[ BuoHe, 1=IN[150 T] for all curves. BSCCO. A proportionality ofl, andng/m* for low doping

M(H)

i T.=80K
M(6 T)
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TABLE Il. Sample characterization. The samples were annealed in the sequence given in the column “Anneal.” The annealing
temperature was 550 °C—650 °C. The penetration depth is characterized by the low temperature bDgRMAQO)=1+ aT#? with
B=1 or B=2. The accuracy of . and\,,(0) are given in the text, that af is 3%.

Sample Batch Mass Anneal T, Nap(0) a=A [NN(O)JATE B
A I 108 ug 0, 300 bar 68 K 1900 A 15410 5 K 2 2
B I 300 ug as grown 89 K 2200 A 9.1810 5K 2 2
Ar 87 K 2300 A 7.24<107° K2 2
0, 715K 2000 A 12.%10 5K 2 2
C 11} 87 ug as grown 88 K 2700 A 9.0810 5K 2 2
0, 80 K 2250 A 8.4X 1075 K2 2
D \Y 190 ug as grown 94 K 2050 A 3.9210°3 K1 1
Ar 80 K 2700 A 3.9%x10°%K™? 1
0, 85.5 K 1950 A 2.8&10 3K ! 1

levels and perhaps even for high doping cannot be excluded, The temperature dependence of the penetration depth for
but the slopes and offsets are certainly not universal. Even ifiifferent samples is shown in Fig. 4. It is striking that all the
one stays within the BSCCO family, they vary from batch tomeasured curves lie below those of the BCS theory with
batch, i.e., with precise batch stoichiometry. The data of Weisotropic energy gap\ ,,(T) depends on the sample batch as
ber et al* did not exhibit a significanT; variation to within el as on the oxygen content. The effect of these two factors
10 K. They studied samples differing in the oxygen concenis pest seen by approximating the penetration depth at low
tration as well as a second componéay., Ca which both  temperatures by a power laMg,(T)/\ 45(0)= 1+ aT# with
enterng/m*. Thus aT, maximum as a function of might B=1 or B=2 (Fig. 5. The dependence af,,(0) on batch

be masked in th&_ vsng/m* diagram. It must be concluded and oxygen content has been discussed above. The exponent
that in view of the complex phase equilibria of BSCCO ag is independent of the annealing conditions and splits the
comparison of the charge carrier density between differengamp|es into two groups. First, sample D shows a linear
stoichiometries is questionable. Furthermore, a wide range @bmperature dependence Xof,(T) (8=1) at all three oxy-
ns/m* is realized in the BSCCO system, which is not due togen doping levels. The slope decreases with increasing
simple doping arithmetics. We remark that in genev®  oxygen content and increasimg/m*, respectively. Second,
defined by\2,=m*/uqe®ns is not related to the band effec- the other samples with parabolic behavig@=(2) have a

tive mass for transport in the CyOlayers except in the T_. maximum lowered by about 5 K. In the Pb-free sample
special cases of a spherical or elliptical Fermi surface and a[C) « increases with decreasinmg/m* while in the Pb-

isotropic gap?’ For HTSC's showing a more complex Fermi doped sampléB) « decreases. An interpretation of the be-
surface and potentially anisotropic gap the deductiombf

is more complex?

BCS weak clean
% e ™
2 two fluid
R 05
80+ i -
- @ sample B Ar.
1 ! @ sample B as gr.
4 sample B = @ sample D as gr.
= sample C i 0 ‘ . . .
¢ sample D o + 0.5 " /
65 ’ ’ = ; | : t=T/T,
2 4 6 8
ng/m (10%%m>my ) FIG. 4. Temperature dependence of the normalized penetration

depth. Sample codes are given from top to bottom in the order of
the low temperature valugsee Table . Due to fluctuations the
FIG. 3. Transition temperaturg; vs ng/m*. The dashed lines curves do not vanish &t (see Fig. 2 and textFor comparison, the
interconnect the data of one sample. Arrows indicate the directiotwo-fluid model and the BCS result for clean superconductors in the
of increasing oxygen content. weak coupling limit are included.
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Therefore the large maximuf, of sample D can be linked
to a small impurity concentration and, accordingdtevave
theory with resonant scattering described above, to a small
crossover temperaturg*. As the linear term has been ob-
served in the experimentally accessible range above 17 K,
T* at best is below 17 K. On the other hand, the reduced
T. maxima of the other batches indicate an increased cross-
over temperaturd* which can explain the observed qua-
dratic temperature dependence\gf,(T). Within this picture
it is striking that D, like the others, shows thg maximum.
This indicates that this maximum indeed is an intrinsic prop-
erty of the superconducting state and not an artifact of, e.g.,
impurities introduced by doping. The microscopic origin of
the resonant scattering in HTSC's is not yet known, as was
pointed out by the authors of Ref. 8.
sample D - L - In conclusion, we have shown that for the highly aniso-
tropic superconductor Bbr,CaCu,0g, s the penetration
depth\ 4,(T) can be determined from the reversible magne-
tization. High sensitivity torque magnetometry allows the
measurement of both the temperature dependence of
Nap(T) with high resolution and its absolute value with high
accuracy. Becausg; and the penetration depth depend sen-
sitively on the cation and oxygen stoichiometry, the compatri-
son of experimental data requires care. A linear temperature
dependence ok ,,(T) at low temperatures is observed in
103 , , , conjunction with a high maximurii.. It is noticeable that
®) 16 26 T (K) 36 the linear temperature dependence remains unchanged upon
oxygen doping. Samples with significantly reducedshow
a quadratic temperature dependence. These results are con-

FIG. 5. Penetration depth vs temperature at low temperaturesistent with ad,2_,2-wave model with resonant impurity
Samples A, B, and C show a parabolic depende@tevhereas scattering.

sample D shows a linear behavid).
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