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Substitution of transition metals for Cu in Bi,(SrCa),+,Cun+,0, whisker crystals:
Fe and Pd
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We have measured the resistive superconducting transition temperature of single-crystal whiskers of
Bix(SrCap.2(Cu_xM,) 10y in which M represents the transition metals Fe and Pd that have been partially
substituted for Cu. Combining these measurements with our earlier results for Co, Ni, and Zn substitutes, we
derive a general relationship for the rate at whiEh is depressed by substitution of transition metals:
dTc/dx~—780K for all these elements and both the 22h2=() and 2223 (=2) phases. Further, the
normalized residual resistance is also a universal functiom. dfhis is contrary to what others find for
YBa,Cu;0,_5 (YBCO), in which Zn and Ni substitutions act quite differently dif /dx. The explanation of
this effect in YBCO apparently does not involve the general behavior of the Cu-O planes. The magnitude of
dTc/dx is about half that predicted by the Abrikosov-Gorkov relation, as seen in other Cu-O superconductors.

DOI: 10.1103/PhysRevB.63.184515 PACS nuntber74.72.Hs, 74.25-q, 74.62.Dh

[. INTRODUCTION AND BACKGROUND The work reported here on Fe and Pd substitutions pro-
vides complementary findings to our previous study of Ni,
We report the final portion of a study of the physi- Zn, and Co substitutiorfs:* Like Ni and Co, Fe, and Pd
cal, chemical, and structural effects brought about by parsubstitutions can be expected to introduce bondingec-
tially substituting a transition or posttransition metal for trons into the Cu-O lattice. However, Fe, mimicking Co with
Cu on the Cu-O planes in the high- compound oxidation states of 2 and 3t, is a strong oxide former,
Biy(SrCa,: 2(Cly (M )n:10, (BSCCO. Since these while Pd, the second long-period cogener of Ni, can pe ex-
planes are believed to carry the condensed electrons, numécted to show a single valence of Znd is a weak oxide
ous experimental and theoretical studies have been aimed mer. Fror_n v_alence (_:on5|derat|0ns we can expect their lev-
this problem. In addition to our own work, described els of substitution to differ.

previously~*and concluded here, investigations have rangetljS g aerg]t?\?;?;'cthpeerstﬂrbe?ggz dcl)chtt?: Ssa';{gat'ﬂgge;?:;h;mssung_
over substitutions in BSCCO and YRauO; 5 P P 9 '

11, . . stitution should be expected to vary for these elements. We

(YBCO 5 11,W'th a focus on the different effect; of Ni and have made no measurements of the magnetic moments asso-
Zn substitutions in the latter compound. EX%e”menltglzﬁeCh'ciated with the Ee, Co, Ni. and Pd sites when substituted on
niques have 'QCIUdEd trgniggrt phenom&na’ NMR, the Cu-O lattice and we are not aware of any other compa-
ESR?® Ramari® muon spirf,"*®and neutron scatterirfg. rable single-crystal measurements. Lacking this information,

We concluded early on that measurements on polycrystalye assign realistic bounds for the magnetic moment per sub-
line samples could not be definitive because there is no relistituted atom, based on low spin-state values reported in the
able way to determine conclusively how the substituent isjterature for the pure oxides and their solid solutions. From
divided between the crystal grains and the intergranular neigoodenoughi® we estimate F&, 2.0ug; Co®", 1.7ug;
work. Growing monocrystalline phase-pure samples withNi>* 0.6ug; Zn?*, 0; Pd™, 0.3ug. We note that in doped
masses in the milligram range or larger with known, uniformpowder samples of YBCO, Mendess al > found . for Ni
substitution for Cu in the Cu-O planes has proven thus far tao be 1.5tz and ue for Zn to be 0.36g .
be difficult, but we have found that it is relatively simple to
grow microgram single-crystal whiskers of the Bi-based su-
perconductors in which the substituent element is uniformly
distributed along the whisker and the transitions are sharp. The whisker growth method was pioneered by Matsubara
The growth habit of BSCCO whiskers, which is prone to theet al? Details of our adaptation of their method have been
incorporation of stacking faults, tends to cause them to havgiven earlier and will not be repeated here. Quantitative
coexisting filamentary 2212 and 2223 paths. We find nacompositional analysis of the whiskers with typical dimen-
chemical inhomogeneities in sampling 5—10 areas as smadions 2—10 mn{a axis), 10—100um (b axis), and 2—10um
as 25um? along the several millimeter length of the sample.(c axis was done by nondestructive electron-probe mi-
Moreover, 2212 and 2223 transitions respond uniformly tocroanalysis using a Camica SX50 four-wavelength spectrom-
compositional changes, so we believe there is equal substéter electron probe. Our error analysis is reported elsewhere.
tution for Cu across the filamentary boundaries. This poinfThe minimum detection limit is 0.025%. We found the com-
will be discussed further. position to be uniform within 5% along the sample length for

Il. EXPERIMENTAL PROCEDURES

0163-1829/2001/638)/18451%4)/$20.00 63 184515-1 ©2001 The American Physical Society



KUO, SCHNEIDER, NEVITT, SKOVE, AND TESSEMA PHYSICAL REVIEW B3 184515

6 1.2
—o— Pd
—— Co 0.005
5 F? g 0.004 |-
—&— Ni 30 S o003
—e— 2Zn 094 ¢ ,
= c 0.002 W‘“
g % 25 B E 0.001 f
. 4 [ 001 |
=} £ —
g § 20 4 .
£3 g3 3
2o 30 15 | a
= ° 3o k-3 c 0.6 1
8 2 £ ES ~
B 3° 10 - -
3 2s =
S = 3 —
5= E 5p b
2 -
g © 0 1 | 1
0 4 8 12 16 0.3 7
Starting Material Concentration
14 (at. % of Cu)
RR ~ 0.009
~
0.0
0% T | T
0 50 100 150 200 250 300
0 5 10 15 20
Starting Material Concentration x, T(K)
(at. % of Cu) FIG. 2. Normalized resistandat 300 K) vs temperature for an
. . . unsubstituted whisker. The inset shows a blowup plot near the 2212
FIG. 1. Substituent concentration in BSCCO whiskers, meas, - usition PP
sured by electron probe microanalysis. The inset shows the fuﬁ '

concentration range for Co. Lines are a guide to the eye.
90 %) is abou 1 K and there is a nearly zero residual resis-

Zn, Ni, Co, Pd and a larger variation of 10% for Fe. vomtance, indicating a high degree of perfection in the crystalline
Hedt et al3 report a similar inhomogeneous distribution of form. We have shown previousiy’ that the major volume
Fe in their larger single crystals. De Boeck, Ciurchea, andraction is the 2212 phase, but filamentary paths of 2212 and
Duvigneaud” find that Fe concentrations over0.05 lead 2223 coexist. So in a single sample under identical environ-
to the presence of the 2201 phase in ceramic samples, similaxental conditions we can measurg for both phases. This
to what we find for Co substitutions over=0.06 in whisker is an advantageous materials venue provided that the sub-
single crystal$. Fe-substituted whiskers are smaller with astituent enters both phases at the same concentration. We
more uneven morphology. We were unable to substitut¢yelieve we have shown this condition obtains by our obser-
measurable amounts of Cd in our samples. vation that the changes in the residual resistance aritkin

Figure 1 shows the compositional details for Fe and Pqyith substituent concentration are essentially the same for
(filled symbolg and, from our previous work, for Co, Ni, and {,e two phases.
Zn (open symbols We plot the measured concentration of Although in earlier work? we observed that the effect of
subsptuent in _the whisker against the qoncentratlon n th_e substitution onT¢ had no essential dependence on oxygen
starting materiakiy; . Fe and Co show high levels of substi- concentration, in the results reported here we have isolated

tution while the other substituents saturate at low levels. Wefhe effect of substitution from the effect of oxygen doping by

infer that replacement is favored by a substituent having & JKina all measurements on as-arown samfileatm oxy-
3+ oxidation state. 9 9 y

This study was limited to the determination o by gen pressure annealing/hich is near their optimized transi-

a-axis R vs T measurements by a standard four-probe gdion temperatures.

technique with a typical excitation curreht 100xA. Our In Fig. 3 we show our results for Fe and Pd substitutions.
adaptation of this technique has been previousl))”creas'”g Fe substitutigrFig. 3(@)] produces a progressive
described—* decrease il for the 2212 phase and a less orderly decrease

for 2223. Unlike the narrow transitions usually observed for
the other substituents, there is considerable broadening by
Fe. This has been previously observed and attributed to an
We first show results for an unsubstituted sample: Fig. 2inhomogeneous distribution and clustering of the Fe atms.
The normalized resistance along thexis is shown in the For Pd substitutiofiFig. 3(b)] there is only a minoiT¢ de-
temperature range<4T<300K for an as-grown whiskeR  pression because, as seen in Fig. 1, saturation occurs at a low
is linear inT in the normal state, but see Chen, Franck, andconcentration.
Jung® for the behavior of similar samples with different ~We now add these results to our earlier findings for Co,
oxygen doping. The sharp drop at 108 K corresponds to Ni, and Zn. In Fig. 4a), T is taken as the temperature at the
Tc of the 2223 phase, while the second smaller drop at abouniddle of the transition and we plot this value as a function
80 K is T for the 2212 phase. The transition wid¢hO—  of concentration for all substituents in both phases. Within

Ill. RESULTS
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FIG. 3. Normalized resistandat 120 K) vs temperature at mea- Measured substituent, x

sured concentrations show@) Fe; (b) Pd. FIG. 4. (a) T depression(K) vs Fe, Co, Ni, Zn, and Pd mea-
sured concentration&) for 2212 and 2223 phasedT:/dx from

the scatter of our data, the depressiof gfis linear inx with  least squares fith) The normalized residual resistance NRR{s

dTc/dx~—780K, independent of substituent. In Figh¥ measured substituent concentratias approximately a linear func-

we plot the normalized residual resistan@¢RR) =R(T tﬁon. Within our uncertainties, bQEﬂITC/dX and NRR are quantita-

—.0)/R(120K) as a function ok, obtained by extrapolating {vely the same for all the substituents.

the normalized normal-state resistancelte 0. Within our

uncertainties NRR is also linear mand again is quantita- rather weak magnetic scattering, so that the potential scatter-

tively the same for all the substituents. ing phase shifts for Ni and Zn are the same within 20%. Thus

the similar effects that we find Ni and Zn substituefas

well as all other transition metal$o have on the NRR and

Tc may be a result of similar nonmagnetic scattering.

The elements substituted for Cu in this study collectively In addition to the result thad To/dx is the same for all
introduce different valence states and a range of unpairethe substituents, the observed valuadt. /dx is smaller by
d-electron spin states into the Cu-O lattice of BSCCO crys-about a factor of two than the value predicted by the modi-
tals. Our significant finding is that in both superconductingfied Abrikosov-Gorkof® relation ford-wave symmetry and
phases 2212 and 2223, all the substituents have the sarisotropic scattering:
effect on NRR(a normal state propentyand T (a supercon-
ducting propertyindependent of the electronic configuration
of the substituting atom. This is contrary to the results on the Te,
YBay(Cu;_M,) O, system(whereT<=91K andM is Zn or In Te av
Ni). Hered T /dx is found to be about-1200 K for Zn, but
only about—350 K for Ni. This difference was taken to ] ) .
favor a magnetic mechanism of pairing and an asymmetriélere ¥ is the digamma function,Tc =Tc (x=0), T
order parameter, such as for high- superconductor€ or =po/(dp/dT) is proportional to the isotropic component of
evidence of a van Hove singularity near the Fermi surface irthe impurity scattering rateg depends on the symmetry of
cuprate$ or due to the differences in the anisotropy of scat-the wave functior usually assumed to bé-wave so that
tering by different substituents or vacancié®ur results, as a=1 (for swave scatteringa=3 andb proportional to (1
well as those in LaSrCu@Ref. 14 suggest that the differ- —g,), where g, is the ratio of anisotropic to isotropic
ences between Ni and Zn substitutions for Cu are not universcattering’’*>** usually assumed to be isotropic so that
sal in the Cu-O superconductors, but may be unique to the=1. Since the density of states at the Fermi surface is uncer-
YBCO system. Paret al®® have used scanning tunneling tain, and enters intd, there is a large uncertainty in the
microscopy to measure tunneling spectra around Zn impurifactor-of-2 difference. Further, as discussed in Haran and
ties in BL,Sr,CaCuyOg_,. s and inferred a strong scattering po- Nagi** anisotropic scattering in which the scattering has
tential for Zn substitutions. Further work by the samemaxima in the region of the nodes of the order parameter
group”® shows a much different scattering potential for Ni, will decreaseT. much less than isotropic scattering. The
which can be explained by a strong-potential scattering and tactor-of-2 discrepancy between the observed and predicted

IV. DISCUSSION AND SUMMARY
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