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Effect of Pr scattering on the penetration depth\,, in Bi,Sr,Ca; _,Pr,Cu,Og, s Single crystals
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Four superconducting single crystals near the optimum-doped regie©,(0.11, 0.17, and 0.28or the
Bi,Sr,Ca _,Pr,Cu,0g, s system were chosen for detailed structural and magnetic measurements, in order to
study the effect of Pr scattering on the temperature dependence abthkane penetration deptk,,. The
penetration depth for these incommensurate modulated single crystals foll6vbehavior at low tempera-
ture, and then crossover to a lineeirdependence at the characteristic temperaidreVariation of linearT
region andT* with increasing Pr content indicates that Pr acts as a strong scattering center that modifies the
local density of states of the system. The present result is consistent with the prediction for disorder-affected
d-wave superconductorS0163-1828)01326-5

[. INTRODUCTION crystal penetration depth data on the Pr-substituted
Bi,Sr,Ca _,R,Cu,0g, s System are reported.
It is extremely important to understand the symmetry of
high-T. superconductors. Studies on the electromagnetic Il. EXPERIMENTS

pgngtratlon _depth at a.tempergture well belowlclare be- Single crystals of the BSLCa PrCwOg: s System
ginning to yield a consistent picture on the pairing state Of\Nere grown using the standard self-flux method. High-purity
high-T, systems-~*! For example, recent penetration depthp; 0.” SrCO, CaCQ, PrOy;, and CuO powders with the
measurements  on  high-quality ~ single  crystals  ofoff_stoichiometric ratio were mixed, ground, and calcined in
YBa,Cy0;- and BLSK,CaCyOs. ; gave strong support to  ajr for 1 day. The reacted powders with excessCBiin-
d-wave symmetry.In YBa,Cu;O,_y, the temperature de- cluded as a flux were then used for crystal growth. The de-
pendence of the penetration depth was found to be linear inils for crystal growth will be described elsewhéreThe
wide temperature rande, while some other experiments of- actual composition of the as-grown single crystals was deter-
ten show ar? dependence® instead of the lineal charac- mined from an energy dispersive x-régDX) analysis using
teristic expected for a cleadtwave superconductor. The dis- a Leica Steroscan 440 scanning electron microscopy. The
crepancy can be interpreted qualitatively as due to impurityaverage size of the single crystals was 4 ¥@nmmx0.04

or disorder scattering for a dirty-wave superconductor. Par- mm. All single crystals were post-annealed at 360 °C in air
ticularly, Hirschfeld and Goldenfeldl predicted that there for 3 days to ensure sample homogeneity. ,

exists a crossover temperatufé at which the dependence  Single-crystal x-ray data were obtained with a Rigaku Ro-
changes from thd to T2 law due to impurity defect and taﬂex. 18-kw rotatmg. anode x-ray _d|ffraptometer using
disorder scattering. Recently, the temperature dependence @faPhite monochromatized Gl radiation with a scanning

the penetration depth off, in Bi,S,LCaCyOg. s Was rate of _0.5°—_1° in 2 per mir_wute. For thea?ax_is andb-_axis _
reportedi! Samples with a maximunf, show a linear be- x-ray diffraction measured in the transmission fashion, a fi-
. Cc

: ) ) I ber sample attachment with a divergence slit of 1/6° was
havior, while those with significantly reducel, follow a ; .
. ) : .. used. All x-ray diffraction data were collected through care-
quadratic law. Since only the oxygen contéris changed, it

is not cl hv th tration deth follo linear law i ful alignment of thea, b, andc axes of the crystals. The
IS hot clear why he penetration depth Tollows a finear faw Inanisotropic magnetic susceptibility,,(T) and magnetiza-
some samples, but not in all samples.

' _— tion M ,,(H) measurements were carried out witlyametal-
terr|1n grrgt(lajrréo Zt: dggggniféecéfoftﬂgord:r:;lrj;?g;utgg ct)r? thtishielded Quantum Design MPMSuperconducting quantum

mp P . P X PN, N&ierference devicéSQUID) magnetometer dowrot5 K in
Bi,SrCa _,Pr,Cu,0g, s System is a good candidate due to an applied magnetic field fro 1 G to 10 kG
the similar ionic radius of Bf of 1.126 A compared with ’

" . .

ceat of 1.12.A. There have_llzeen many previous studies on Ill. RESULTS AND DISCUSSION
the Pr-substituted systeri’s:}* However, previous studies
are all on polycrystalline samples, which present very strong Four superconducting single crystals near the optimum-
impurity scattering. In this paper, impurity-free clean single-doped region (x=0, 0.11, 0.17, and 0.28for the
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FIG. 1. X-ray diffraction pattern of orthorhombic (QQines for FIG. 3. Molar magnetic susceptibility,,(T) with low applied
Bi,Sr,Ca 79P1.28C W05, 5 Single crystal. magnetic field parallel to thec axis of superconducting

Bi,Sr,Ca _,Pr,Cu,0Og, s single crystals X=0.11,0.28 in field-
Bi,Sr,Ca,_,Pr,Cu,0g. s System were chosen for detailed c00led(FC) and zero-field-cooledZFC) modes.
studies. Figure 1 shows a typiaadaxis x-ray diffraction pat-
tern for the single-crystal B&r,Ca, ;P15 26CW0g 4 5. NO im-
purity lines were observed, and the Bi-2212-type0l) dif-
fraction lines give an orthorhombizparameter of 30.701
The b-axis diffraction pattern in Fig. 2 gives fa parameter
of 5.439 A and an incommensurate modulation alongkthe

axis with periods=4.56. No modulation was observed along . . .
the orthorhombi axis (a=5.435 A). The ab-plane magnetic susceptibility,,(T) with a 5-G

The orthorhombic unit-cell volume increases from 902.3/0W field parallel to thec axis of BpSKpCa - xPRCU0g: 5
A2 for x=0 to 907.6 & for x=0.28 and 912.1-922.53 single crystals as shown in Fig. 3 gives a superconducting
for x=1, due to extra incorporated oxygen and a S"ghﬂytransition temperaturé, of 88 K for x=0.11 and 71 K for

larger ionic radius of Bt of 1.126 A compared with G4 of ~ X=0.28. Since & of 86 K was observed for=0 and 84 K

1.12 A. The incommensurate modulation period albraxis ~ [OF X=0.17, the optimum-doped composition is n&ar0.1.
decreases frons=4.76 for x=0 to 4.56 forx=0.28 and Single crystals withx=0.17 and 0.28 are in the under-

4.16 forx=1, and thec parameter decreases monotonically 4oPed region and=0 is already in the overdoped region. A
from 30.849 A forx=0 to 30.701 A forx=0.28 and m.etal-msulator tranS|t|on oc;urred arqun;d= 0.6, and
30.267-30.363 A fox=16 The decreasing parameter is Bi2SPrC40s. 5 (x=1) is an insulator without long-range
probably due to one or more of the following reasofis: Pr ordering down to 0.5_ KE The_ dl_amagn(_etlc response sig-
With increasing Pr content, the incorporated oxygen withnal decreases systematically with increasing Pr concentration
positive charge in the BD; double layers increases and, due to the damaging effect on the coherence of the two,CuO

consequently, causes the slab sequence SrO-BiO-BiO-SrO [@yers by the randomly distributed Pr ions between these two
layers. Smaller field-cooledC) signal as compared with the

zero-field-cooledZFC) signal indicated the flux trapping by
single-crystal defects during the field-cooled process.
I Bi,Sr,Ca 7,Pr ,5CU,O04, _ The ab-plane magnetization curveMab(H,T) for four
80 single crystals were measured with<T,. Figure 4 shows
i b=5439 A M.,(H,5 K) for four samples at 5 K. Thab-plane lower
60l §=4.56 critical field H2?, defined as the field at which flux first
penetrates, can be estimated from t€H) curves as a
deviation from the lineaM-H behavior corresponding to the
Meissner state. Fdid <H.;, the magnetization is reversible
24 2a and no hysteresis loop was observed. Fk:wH_Cl, the fact
200 v -2A | that the obser\_/ed hyst_ere5|s loops for these single _crystals are
l L | | near symmetrical denies the effect of surface barriers on the
Py — | S S 5 ) \ determination oH; .1 The ab-planeH2? (5 K) thus es-
20 25 30 35 40 45 50 55 60 65 70 75 80 timated are 255 G fok=0, 170 G forx=0.11, 130 G for
26 (degree) x=0.17, and 95 G fox=0.28. Forx=0.11, increasing tem-
perature gives a lowéd 2> of 74 G at 10 K, 42 G at 15 K, 22
FIG. 2. X-ray diffraction pattern of orthorhombic k0) lines G at 20 K, and 12 G at 30 KFig. 5). Due to the lowH3;

for a Bi,Sr,Cay 7P% ,8CW0s. 5 Single crystal. Incommensurate values, a zero-field de-Gaussing procedure is thoroughly ap-
modulation lines are denoted by2A. plied before every measurement to ensure the data quality.

shrink. (i) With Pr doping, an additional band crosses the
Fermi level, grabbing holes from the Cu-®)-p band. The

A attractive interaction should result in the decrease of the
separation between two Cy@yers.(iii) With predominant
Pt character, there may still exist some*Prcharactel®
with a smaller ionic size compared with €a
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FIG 4 Magnetization curves M ,(H) for FIG. 6. Temperature dependence of the penetration degih
. . a . .
Bi,SK,Ca,_Pr,Cu,05. , single crystalgx=0, 0.11,0.17,0.28at 5 for Bi,SrCa _Pr,Cu,0q, s Single crystalg(x=0,0.ll,0.17,0.2)8.
K. The lower critical field is denoted a42°. The crossover temperature froniTA behavior toT dependence is
ot denoted byT*.

The ab-plane lower critical fieldHi{’ allow one to esti- ) ) )
mate theab-plane penetration depthy,, using he equation the Eerm| surface, theory predicts a lindatlependence pen-
Ho = ®olni/dm\2, where @, is the fluxoid andx is the etration depthhTP (p=1) at all'temperaturejé’.ﬂowever,
Ginzburg-Landau parameter. Usirgf 130 from the parent N the present study using impurity-free clean single crystals,

compound BjSr,CaCyOg. 5 (Ref. 11 for all compounds, t2h2elgresenci of strugtur:al l;nodulcc';ltionde_mdC(jjef_ects ;‘for th_e Bh|
the estimated\ ., (5 K) is 1800 A forx=0, 2200 A forx “type phase and the Pr random disordering effect in the

—0.11, 2500 A forx=0.17, and 2900 A fox—0.28. The Ca site, the defect and disorder scattering will force the

extrapolatedh,, (0 K) of 1650 A for the parent compound clean-limit picture with lineafm dependence to be observed
a

. . .~ only at higher temperature range, and a crossover to a scat-
Bi,Sr,CaCyOg, 5 is very close to the value reported using . . 2 o
other measurement technigues. tering dominated= dependencep=2) is expected at lower

0 . .
The temperature dependences of the penetration dep{sﬁu%ﬁ’;atxrsé'shsolﬁs ia:]bFeiha\;lorn:vZ? d?gg:g’f?hénvg;;&ﬁsem
N ap(T) for four single crystals with a magnetic field perpen—f th. doped t g(.j d gd o tonicall
dicular to the Cu@ layers are shown collectively in Fig. 6. irom the overdoped to un_er oped regi ,r_nono onicafly
At lower temperaturéT<(0.2—0.3)T], all samples show a increases from 16.5 K for=0 to 18.9 K forx=0.11, 21.6 K

— — *
T2 behavior. However, a crossover fromT& to T depen- Igrlg_(()).:gf and 24.0'Kt fcirx—_tg.fﬁ. ;I'hheT i ve:luesd(_)ft d
dence was observed at the crossover temperafltire -L9—0.597 aré consistent wi € theoretical predicte

10 - i i
~(0.2-0.3).. When the temperature is approaching range of(0.1.2_—0.27 Te. : The redu_ctlon of lineai region

T. .\, diverges as expected. The lined@rregion is ex- and the variation off* with increasing Pr content indicates
crta .

tremely long fromT* of 16.5 to 55 K for the undoped parent that Pr acts as a strong scattering center in the Pr-doped

; P . . Bi,SrCa _,Pr,Cu,0q, s System, which modifies the local
compound BjSr,CaCyOg, 5, and this linear region shrinks 7 2>2 X X : : - )
sharply with Pr doping as shown in Fig. 6. density of states in the system and is consistent with the

For the cleard-wave superconductors with line nodes on prediction for disorder-affected-wave superconductors.
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FIG. 7. Variation of the superconducting transition temperature
FIG. 5. Magnetization curves M,(H) for a T, and crossover temperatuii@¢ for the BiLSr,Ca _Pr,Cw,0s, s
Bi,Sr,Ca gP1y.11C W05, s Single crystal at 10, 15, 20, and 30 K.  system.
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IV. CONCLUSIONS cally predicted behavior in defect and disorder-affected
d-wave superconductors.
In conclusion, using impurity-free clean single crystals,
the Pr disorder in the BBr,Ca, _Pr,Cr,0q., 5 System acts as ACKNOWLEDGMENTS
the scattering center and increases the crossover temperatureThis work was supported by the Natural Science Founda-
T* from a quadratic to linear temperature dependence of théon and the National Science Council under Contract Nos.
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