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Complete substitution of Sr for Ca in Bi,Sr,,,Ca;_,Cu,0g4 5
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We have systematically substituted Sr for Ca as spacer of the @laDes in B}Sr, . ,Ca ,Cuw,Og, 5 thin
films deposited by molecular beam epitaxy, fram 0 (2212 phaseto x=1 (2302 phase From dc transport
measurements we have found a decreasd @&fero from 88 K forx=0 down to 55 K forx=1. The
remarkable result reported here is the presence of superconductivity when Ca is completely replaced by Sr.
Comparison of structural and transport data shows that the enlargement of the unit cell due to the substitution
has no dramatic effect on the onset of superconductivity. This result is compared to previous studies and
existing results on bilayer systems.
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One of the enduring questions surrounding supercondudhat would need to be balanced by the introduction of oxygen
tivity in cuprates is that of the physical dimensionality of the in the Bi-O sheets, if the average carrier doping is to remain
coherent dynamical system and how this system undergoesumchanged.
transition to the superconducting state. While there is a great The hypothesis of extra-oxygen inclusion in the structure
deal of evidence that macroscopic quasiparticle transport iwhen Ca is substituted by Sr has been also considered by
the c-axis direction is incoherent and of a hopping nature inShaked etall?> in La; gS,Ca , xCl,Os_5 (LSCCO
the normal state, the role afaxis coupling between planes samples. The unit cell of this compound contains two €uO
in contributing to a pairing mechanism continues to be deplanes, nominally separated by Ca, representing in this sense
bated. Different approaches to the mechanisms of figh- an analog of BiSr,,,Ca_,Cu,Og, 5. Neutron diffraction
superconductivity have been formulated, for example Anderexperiments proved that in LgSr,Ca »_,Cu,O4_ 5 there is
son’s interlayer tunnel theohand Leggett’s MIR scenario. oxygen intercalation in the metal plane separating the LuO
In both cases the parameters of the theory are sensitive to tls@eets and a comparable occupation probability of thie Ca
spacing between the planes and this has motivated severgte by Sf™ and La&* ions. The overall effect of the substi-
groups to systematically vary this quantity and find out itstution of Sr for Ca on the superconducting properties of these
role in determining the transition temperature. samples is that th€, decreases from about 6Qio Sr in the

The intramultilayer(IML ) distance in cuprates, i.e., the structure to zero(no Ca in the structuje When Sr is sub-
distance between two Cy@lanes in the same half unit cell, stituted for Ca, the structure of the unit cell is expected to
has been changed either by intercalation, pressure or by makhange as a consequence of the larger ionic radius’6f &
ing artificial  superlatticed’ Besides YBCO-based compared to Cd (126 A vs 1.12 A in eightfold
compounds;® all other HTS multilayered materials undergo coordination®). A size effect was indeed observed in

the superconducting transition only if the spacing ion is Cal a, ¢Sr,Ca ,_,Cw,O4_ 5 as a linear increase in theaxis of
Partial substitution of Ca was performed, sometimes by rare
earths’® inevitably inducing disorder and valence change. e
Following the general idea of changing as few experimental s 2202
parameters as possible, substitution of Ca by alkali earths i 0/’ ]
particularly interesting. However, so far no samples are 313 | / ]
known to be superconducting with Gally substituted by 7 ]
other alkali earths. Previous work has investigated Sr substi L A ]
. ) ) . —312 ]
tution of the nominal Ca layer in two layer cuprates. Sleight . //
et al. substituted Sr for Ca in B&r;_,CaCu,0g, 5 (Ref. 9 ]
and Srfor Y in BpSr;_,Y,Cw,Og, 5 (Refs. 10 and 1isingle 81 | A ]
crystals. In the case of Bsr;_,CaCu,0Og ., s the onset ofT ~ ]
remains almost the sani@5 K) in the rangex=0.4-0.9. A a1 [ 2212 /
different behavior is found in Bbr;_,Y,Cuw,0g ., s SaMples, ‘ 1
where superconductivity is restricted to the interval
=0.2-0.4 with a variation oT; of 7 K, presumably due to 309
carrier doping. Fox=0.5-1 a semiconducting temperature 02 0 02 04 06 08 1 1.2
dependence of the resistance was observed.cTées de- Extra Sr x
creased by 0.6 A from=0.3 to 1, which as we show is large
compared to what we observe in  our FIG. 1. caxis dependence on the extra Sx of
Bi,Sr 4Ca _CWw0q, s films (Fig. 1). The substitution of  Bi,Sr,, ,Ca_Cw,0. 5 thin films as measured by XRD. The unit
Y3* for SP* or C&™ involves also a change in the valence cell expands linearly by\c=0.19 A from 2212 to 2302 phases.

c-axis (
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about 0.40 A from the sample with=0 to the sample with 18 [ ' ' ' ‘ !
x=0.8. Thisc-axis variation is too big to be due only to — | Tezem0

different ionic radii of Sr and Ca. The inclusion of oxygen E B0 0 884K ]
between the copper oxide planes could be related to in- L x=008 886K

creased available space after Sr substitution as well as to~— 12 [ 128130 322‘]2 ]
enhanced electrostatic attraction because 8t La the C3* Q0 x0os BooK

o L
site. c 91
In order to clarify the effect of substitution of the CuO -g 3
planes spacer in bilayer systems, we have replaced Sr for Ce ¢ 6
inside the unit cell of thin films of double-layer BSCCO ®
(Bi,SrL,CaCuyOg, 5) with the intent to study the effect on the o3 i
structural and electronic properties. It is our belief that by , L L
making substitution of Ca for Sr, the most obvious, and 0 0 50 100 150 200 250 300
hopefully the most important difference between these two Temperature (K)
ions is that of their size, and that no important changes in
details of band structure or dielectric constant are induasd FIG. 2. Resistance vs temperature curves of
both C&* and Sf" are closed shell ions with low polariz- Bi,Sr,,,Ca,_,Ct,Og, 5 With x=0—1. A complete superconduct-
ability). In this paper we report results of experiments ining transition(zero resistangds observed in all the films, included

which thin films of B,Sr, ., ,Ca, _,Cu,Og., 5 are grown with  the 2302 sample.

x ranging from O to 1 using atomic layer-by-layer mOIew"”“X’Pert diffractometer in high-resolution optic configuration.

beam epitaxy(ALL-MBE ). Whenx>0.8 the compound is The syperconducting properties were measured by dc trans-
apparently thermodynamically unstable and can not be SYMort.

thesized using equilibrium techniquésBy using atomic The dependence of the formula upitxis lattice constant
layering of each molecular layer, it is possible to growon Sr substitution is shown in Fig. 1. We find a linear in-
samples of compositions that are otherwise impossible tarease of the-axis lattice constant as the Sr content in our
obtain!* We find that a new superconducting phase 230Zilms increases, as measured from (B@10 diffraction peak
(corresponding to x= 1) of BSCCO family can be artifi- in 26— scans. The axis varies by 1.2% between full Ca
cially grown. The substitution of Sr on the Ca site in (2212 and full Sr(2302. The observed linear dependence of
BSCCO0-2212 slightly increases the spacing between the on the Sr content is similar to the observations in
CuO, planes within each molecular layer. Lay §Sr,Ca » «ClOs_ 5,2 and in BbSK_,Y,ChOg, 5,
Single crystal BjSr,,,Ca,_,Cw,0Og, 5 thin films with x ~ but in those cases a larger variation of thaxis (2.3%, and
=0, 0.08, 0.2, 0.4, 0.65, and 1 were grown by ALL-MBE, 2%, respectivelywas found in the range of substitution in-
all using the same optimized growth conditions. The detailestigated. Thes scan rocking curve of th@010 reflection
of the system deposition are described elsewlfeWe de-  of the 2212 phase measures 0.02°. The presence of Kiessig
posited 40 monolayers of g&r,.,,Ca_,Cu,0g, s 0n top of  fringes around th€0010 in the 20— w scan confirms the
two monolayers of 2201 phase which serve as a buffer layenigh degree of structural order throughout the thickness of
on top of the SrTiQ substrate, for a total thickness of about the samples, and specifically the high quality of the unit cell
600 A for all the samples. The oxidation was obtained usingnterfaces. The same features are observed in the@ and
a beam of pure ozone and the growth pressure was kept ataa scans at least until the=0.4 sample.
value of 8<10 ® Torr, while the substrate was heated to a  Figure 2 shows the resistance vs temperature cUR(E3}
temperature of 720-730°C, as measured by an optical pyf the samples. The first important observation is that the
rometer. A quartz crystal monitor and atomic absorptionBi,Sr,,,Ca _,Cw0Og, s films are all superconducting. In
spectroscopy were used to monitor the atomic fluxes. In parcontrast to Ref. 12 we find superconductivity even when Ca
ticular, the atomic absorption spectroscopy is fast enough ts completely replaced by Sr as the spacer between the CuO
be used for feedback control of the shuttering times duringplanes obtaining a new superconducting phase in BSCCO
the growth and the reproducibility is well within 1%3.In family compounds, the 2302 phase, in correspondence with
addition, information about the crystalline structure, coherx=1. The difficulty in obtaining 2302 by just thermody-
ence and flatness, given in real time by reflection high-namic processés has been overcome by using non-
energy electron diffractiodRHEED), allows the modifica- thermodynamic, kinetically controlled growth typical of mo-
tion of the deposition parameters. The RHEED analysis hakecular beam epitaxy. TheT, zero of the new
shown a layer-by-layer growth mode under optimal condi-superconducting phase is about 55 K. This value is lower
tions and atomically smooth surfaces ferin the range than in 2212, but still higher than in the single layer com-
0-0.4. A typical large area root mean square value of thgound[38 K (Ref. 16].
surface roughness of about 8 A, caused by terrace steps, asThe dependence of transport properties onis more
measured by atomic force microscofAFM) performed af-  clearly evident from Fig. 3. In this figure three critical tem-
ter the growth, characterizes the degree of atomic flatness @ieratures, chosen at different points of RET) curves re-
the surfaces. The structural properties of the films were studsorted in Fig. 2, are plotted as a function of extra Sr. For
ied by x-ray diffraction (XRD) performed by a Philips each composition the top point is the onset temperature

et
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120 [ R films, neutron scattering cannot be applied to detect possible
] intercalation of oxygen. Nevertheless, the XRD results about
100 F ., — 1 the expansion of the unit cell along tlwedirection by Ac
e 1 =0.19 A (comparable to the difference between the atomic
o I 1 diameters of Sr and Qs an indication that no extra oxygen
is included in the Sr layer between the Gu@anes when the
< 6o I 2302 phase is stabilized. As discussed Ref. 12 the presence
> ] of extra oxygen is likely a consequence of electrostatic drive
- B ] and large IML distance, but we believe that these conditions
40 ] are absent in our sample and that the above estimate applies.
i ] In fact, the substitution of Bi for Sr is not very likely to
20 happen in BSCC®® especially since the atomic layering
N employed here provides the atoms sequentially to build up
0 the molecular structure of each unit cell.
-0.2 0 0.2 0.4 06 08 1 1.2 As an example of how the IML distanckcan affect the

Extra Sr x critical temperature, we have used Leggett's MIR sceRario
to obtain a quantitative prediction of the expected decrease

FIG. 3. Three temperatures corresponding to different points obf the onset temperatuf®, according with the expression
the R(T) curves reported in Fig. 2 are plotted vs extraxSiT.

onset,T. mid (the midpoint of the transitionandT. zero. Shaked ) A ) )
et al’s data are also reported as a comparison. AT =——[Te (d)=Tg'(d)]. (1)

d represents the change of the IML distanceT{f) and

T.-onset, defined as the intercept of the normal curve abov%l) elv th . f the bi
the transition and the slope during the transition. The next ¢ are respectively the transition temperatures of the bi-

temperature i .-mid, corresponding to the midpoint of the '@Yer (2212 and single Ia-\ye((ZSO]) comlréounds n ”1176 same
transition where the resistance value at the onset halves. Ti#ries. In our films takingrc'=38 K, d=3.2 A" and
third line is T.-zero, the temperature where the resistance i§ther quantities from our experimenfs{’=T, onset=96 K

zero within the experimental detection limif,-zero does for pure Ca-based compound, atd=0.19 A for Sr-based
not reduce very much from the 2212 samp8.4 K atx ~ 0ne we obtainAT{? of —3.4 K. This value is probably an
=0) to 40% substitutior{85.5 K atx=0.4). A decrease of upper limit on theT. depression for two reasons. First of all,
Tc-zero of about 10% is reached»at 0.65, while a value of Bi-2201 is not a very good single layer HT&s TI- and Hg-
55.5 K is found in thex=1 sample with 100% Sr substitu- ones, and therefore the differenceT®—T)) amplifies

tion for Ca. The transition widens abowe=0.60 and is changes in the plane spacing. Second, any increase in polar-
much wider for thex=1 sample than for lowex samples. izability of the spacer has been neglected, but in principle it
We attribute this to local lattice disorder which is related towould lead to small changes in the background screening
growing a metastable phase. In the 1 sample the onset is properties’ The expansion of relevant quantitiesdraround
actually higher than in the other samples, but the transitiod3i-2212 value inevitably leads to a small variati@ecrease
extends to lower temperatures due to disorder. Since fluctu®f T, with the values ofAd observed in our experiments.
tions can be enhanced by dimensional constraints, it is hard Itis interesting that MIR offers an explanation of suppres-
to uniquely attribute the higher onset temperature to an insion of T in the experiment of Shakeet al. According to
trinsic response of the material to having a bigger spacefl), the variation of T, in this case should beAT(CZ)
layer. In the same figure we also report Shake¢al's re- =—1 K. However, observed oxygen impurities were posi-
sults. tioned between the Cu atoms in two adjacent planes, at a

The superconducting properties can be influenced by sev®-Cu distance not too different from the in-plane one. It has
eral factors. First of all, disorder. Some level of disorder isbeen conjectured that the nature of the O-Cu vertical bond is
present also in our films for=0.65 and 1, as is evident from the same as the in-plane bond, and that the oxygen effec-
the broadening of th&(T) curves of Fig. 2. For the same tively acts as easy tunneling center between the planes, thus
samples, the RHEED patterns and the broadening of XRIeavily suppressing.'®
rocking curves confirm an increase of disorder which reduces An alternative explanation of the loss of superconductiv-
the flatness of the half unit cell interfaces. Nevertheless, thigy in La; ¢Sr,Ca » «Cw,Og_s could be attributed to in-
kind of disorder is not great enough to destroy superconduglane oxygen vacanciéS.In fact, Shakedet al. revealed
tivity. It reducesT.-zero, but the resistive onset is not influ- their presence up to 12% per unit formyla the nonsuper-
enced. conducting samp)eby Rietveld analysis on neutron diffrac-

In the case of LagSrCa », ,Cw,Og_ 5, the drastic de- tion data. Nevertheless, although the amount of disorder in-
crease ofT.-onset down to zero has been attributed to theduced by the above oxygen vacancy concentration can lower
presence of oxygen in the Ca-substituted layer. This site i3 it cannot drive it to zero. Finally, the extra oxygen could
usually not occupied when Ca is the spacer, but a non-zeralso contribute to pair-breaking mechanism, e.g., distorting
occupancy of 15% ak=0.8 was found by refinement on the local structure of the planes, but no dramatic variation of
neutron scattering data in Ref. 12. Since our samples are thif, is expected in this case.
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In conclusion, the main result we have reported in thistwo systems, with the loss of superconductivity in the case of
paper is the presence of superconductivity when the spac&SCCO and its persistence in BSCCO. Calculations based
of the CuQ planes is Sr and not Ca. We obtained this resulion the MIR scenario predict a few degrees decrease for the
in Bi,Sr,, xCa _,Cw,04., 5 thin films grown by ALL-MBE.  onset ofT., in both systems, if the only consequence of the
T, zero is observed to decrease from 88 K in the sample witlsr substitution is assumed to be an increased distance be-
x=0 (2212 phasedown to 55 K wherk=1, corresponding tween the copper oxide planes. More quantitative predictions
to an artificially synthesized superconducting phase. The Sif the minimum value oflc, ¢, needed for the inclusion of
substitution apparently does not change the onset of the Séxygen would be interesting for understanding the role
perconducting phase transition. We measured an increase Blfayed by oxygen in the transport properties.
c-axis by 1.2% by high resolution XRD in 2302 compound
respect to 2212. This increase, due to the larger ionic radius This work was supported by the University of Salerno,
of Sr respect to Ca, is an indication that the Guianes are  INFM, CNR, and NSF(DMR-99-72087, DMR-99-86199
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