
The Microstructure of High-Critical Current 
Superconducting Films 

The microstn~cture of superconducting films that have shown high-critical current 
densities has been studied. The films are shown to be epitaxial and contain twins and 
precipitates. The main difference between these films and low current carrying sanlples 
is the absence of grain boundaries. These boundaries are therefore identified as the 
cause of the lower critical current in ceramic samples. 

THE PRACTICAL USE OF SUPERCON-

ductirig matcrials requires (i) a high 
transition tcrnperature, (ii) a large 

critical current, and (iii) the ability to fabri- 
cate superconducting matcrials into forms 
usefill for applications. Rcdnorz and Miiller 
(1)havc sh&n that the copper oxide-bascd 
structures havc high supcrcoriducting transi- 
tion tcmpcratures. Sincc their work, a num- 
ber of g;oups havc lndcpendcritlv obtained 
supcrconducting matcr~als w ~ t h  trausition 
temperatures abovc 90 K (2) The second 
rccl~~~rcnlcntwas demonstrated bv Chaud-
hari et a1 (3),who showed that cr~tical 
currents in cxcess of- 105 A cm ' cottld be 
obtained at llcluld nltrogen temperature (77 
K) In the h~gh-tanperature supcrconciuc- 
tors. A large riunlbcr of groups are currently 
exploring the fabrication of these nlaterials 
into films, tapcs, and wircs. In this report we 
describe themicrostructure of the r<atcrials 
used to obtain high critical currents. 

The filnis wcrc deposited on strontium 
titanate substrates by c\raporation from 
three electron-bean source5 rile three nie- 
tallic elc~ncnts (yttrium, barium, and cop- 
per) werc deposited in an oxvgcn pressure of 
approxlniatclv 10 ' torr, the substr'lte was 
heated to 400°C during deposition Subse-
quent to the evaporation thc filnis were 
flash-heated tor 1 second at 950°C in air 
followed by a heat treatment in flowing 
oxygen at approximately 900°C as previous- 
ly described (3).The composition of the 
films was chosen to have excess yttrium and 
copper relative to the barium. We hoped 
that this would provide oxide precipitates 
that would impede vortex motion and also 
compensate for any strontium diffusion 
froni the substrate into the film d u n g  the 
annealing of the film. Film5 produced this 
way were exanlined by x-ray diffraction and 
transmission electron microscopy. 

IBM Thornas I .  Watson Kcscarch Cci~tcr, Yorkrown 
Ilcights, NY 10598. 

The x-ray data werc obtained with CLI-Ka 
radiation bv nlcans of a conventional x-rav 
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diffractomctcr w ~ t h  a grooved gcrrnaniuu~~ 
crystal monochromator for high rcsolut~ori 
and a grazing-incidence x-ray diffractometer 
with somewhat lower resolution (4). The 
diffraction pattern shown In Fig 1 was 
obtalned in a 8-28 scan (where B 1s the 
Bragg anglc) on the con\entional dltfrac- 
tometer. In this geometw, whcrc the dlffrac- 
tlon vector 1s perpendicular to the plane of 
thc film, we scc only the niult~plc-order 
reflections (00t) that ~ndlcate a preferred 
orientation or texture with thc c-ax~s pcrpen-
dicular to the plane of the film. ,411 
x-ray pole-figure allalysls showed chat the 
film was riot lust textured wlth a fiber axis 
but was aligned with the single-crystal sub- 
strate in a truc epita~iy.To quantitj. thc 
degree of epitaxial aligrrnlcnt thc films were 
also characterized by grazing-incidence dif- 
fraction in a geometry in which the digrac- 
tion vector is parallel to the plane of the film. 
The diffraction pattern shown ill Fig. 2 was 
obtained in a 8-20 scan through the ortho- 
rhonibic (020) and (200) reflections. The 
appearance of both reflections in one 8-26 
scan proves that the epitaxial film conslsts of 
two doma~nsthat are rotated 90" around the 
c-axis. A 8-28 scan through the (110) rcflcc- 
tions showed only one well-defined line 
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Fig. 1. X-ray d~ffract~on intcnslty I vcrsu\ anglc 
for a 8-20 scan of thc cupcrconductmg film. 

since the (1 10) and the (i 10) reflections arc 
equivalent in orttlorhonlbic crystals. In w 

scans. that is, with the cleteaor'fixed at the 
Bragg anglc 28 and the samplc rotated 
around the normal of the film plane, we 
found that the or~cntational spredd of the 
(020) and (200) plancs was only slightly 
largcr than that of the cub~c substrate's 
(200) planes Howcvcr, thc (1 10) film plane 
had a somewhat largcr or~cntational sprcad 
because the (1 10) planes in the two domalns 
arc riot parallel but enclosc an anglc of 
0.83". The lattice paramctcrs deduced from 
thc x-ray data were a = 3.832 11 (5), 
b = 3.888 A (S), and c = 11.753 a (4), 
w ~ t h  the probable error of the last dlgit 111 

parentheses. In addition to the diffraction 
lines from the bulk of thc film wc also 
observed rclativcly wcak lines c~ssociated 
with the presence of yttrium and copper 
oxides. 

In addition to x-rav diifraction, wc exam- 
ined the films with ;transmission electron 
microscope. The s,~mplcs wcrc mechanically 
ground to about 50 pnl and then ion-milled 
to electron transparency. Both plane view 
and cross-sect~onal samples wcrc prcparcd 
The flat-on samples (plane v~ew) were pre- 
pared so that the layer of supercondrrcting 
material closest to the intcrfacc couid bc 
observed. This was done by ion-milling the 
sample on the film side for very short kleri- 
ods of time at the end of the sample prcpara- 
tion proccss. This was nccessan since the 
heat treatment had bcen dcsigricd to obtain 
nucleation of the supercon~ucting phase 
both at the substrate and thc frec surface. 
Thc film was expcctcd to be cpitasial ncar 
thc substratc interfacc and to havc diffcrcnt 
c~ystallographic orientation ncar the st~rfacc. 
We believed that the top layer would help 
pin vortices down as a result ofthe '~nisotro- 
pic nature of tlrese materials. Plgure 3 shows 
a lattice image of the intcrfacc obtained from 
a cross-sectional sample. The orientation 
and regrstw b e m e n  ;he substrcitc 'ind the 
superconducting films arc clcarlv visil~le 
The intcrfacc is ncarlv atomically flat and no 
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Fig. 2. X-ray difiaction intensity versus anglc for 
a 8-20 scan through the orthorhornbic ( 0 2 0 ) alci 
( 2 0 0 ) rctlcctions. 
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other phase or compound is visible. This 
establishes the presence of epitaxy. In Fig. 4 
we show a plane-view micrograph in which 
yttrium oxide precipitates are visible. These 
were present throughout the film. Fewer 
and much coarser copper oxide precipitates 
were also present. The exact composition of 
the precipitates was deduced both from 
energy-dispersive x-ray measurements and 
fiom the diffraction pattern in the electron 
microscope. The copper oxide precipitates 
have a definite orientation with respect to 
the superconducting film whereas the yttri- 
um oxide precipitates are randomly oriented 
(see inset diffraction pattern, Fig. 4). This, 
as well as the fact that no yttrium oxide is at 
equilibrium with the superconducting phase 
at the annealing temperature, indicates that 
it probably forms before annealing. By con- 
trast, copper oxide precipitates out during 
annealing, thus explaining the orientation 
relation. The presence of numerous twins in 
the superconducting phase shows that it is 
indeed orchorhombic (since the twins are 
equivalent to switching the a- and 6-axes) 
and that the two domains rotated 90" 
around the c-axis, described earlier, are 
closely intermixed. 

The structure of these films was designed 
to optimize vortex pinning and, at the same 
time, to minhke the occurrence of the 
structure of the type observed in pressed 
samples ot evaporated polycrystalliie films. 
In the latter, grain boundaries and voids are 
expected to be detrimental. In order to test 
this hypothesis we also prepared polycrystal- 
line films. The micrograph in Fig. 5 was 
obtained from such a film. It shows many of 
the defects observed in the epitaxial films 
along with grain boundaries. The important 
difference between the film shown in Fig. 5 
and the film shown in Fig. 4 is the former's 
inability to carry large currents. 

In typical metallic systems grain bound- 
aries are abrupt, with a transition thickness 
equal to approximately one atomic layer. In 
contrast, in substances in which the unit cell 
is large we expect the transitional thickness 
to be larger than the geometrical width 
obtained fiom simple packing when the 
atoms are simdated by hard spheres. In the 
particular case of the orrhorhombic unit cell 
of these superconductors, we expect the 
grain boundaries to be wide. Grain bound- 
aries can usually be described in terms of 
lamce dislocations. The Burgers vector of 
the latter usually meshes with the underlying 
lamce. In the case of the c-axis of this 
orthorhombic structure the unit cell is large, 
11.753 4 and, as the energy of the disloca- 
tion is proportional to the square of the 
Burgers vector, it is unlikely that a simple 
dislocation can exist. If superdislocations 
rather than simple dislocations are present, 

Fig. 3. High-resolution lat- 
tice image of the supercon- 
ductor ("l23")lsubstrate in- 
terface. 

Fig. 4. Plane-view micro- 
graph of the superconduct- 
ing film. The c-axis is per- 
pendicular to the plane of 
the figure. Inset shows elec- 
tron dfiaction pattern. 

Fig. 5. Plane-view micrograph of a 
nonepitaxial superconducting film -- 
showing approximately the same 
superconducting transition tem- 
perature as the epitaxial film but a 
much lower critical current density. 
Note the presence of grain bound- 
aries and twins. 

the width of the boundary is still likely to be 
determined by the spacing between disloca- 
tions comprising the superdislocation. In 
either case, dislocation theory would predict 
that the boundary width will be large. In 
this regard, highly textured films, with the c- 
axis perpendicular to the substrate but ran- 
domly oriented in the plane, may have dif- 
ferent properties than completely random 
films because the grain boundaries will be 

narrower as the lattice parameters in this 
orientation are smaller. Coincidentally, the 
coherence length is also larger for this orien- 
tation. Both of these factors favor stronger 
superconducting coupling and therefore a 
larger critical current. Finally, it is interest- 
ing to note that, in addition to second-phase 
precipitate, twinning is copiously present in 
the epitaxial films and may be responsible 
for the strong pinning deduced from critical 
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current mcasurcmcnts, Howcvcr. bccausc of 
the dcpcndcllcc the twill 

plaues, such ~ inn ing  must also be auisotro- -
pic. 
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Downregulation of L3T4+ Cytotoxic T Lymphocytes 
bv Interleukin-2 

CHARLES 	 L. TRUITTC-Y. SHIHAND ROBERT 

Proliferation of activated cytotoxic T lymphocytes (CTLs) that recognize foreign 
histocompatibility antigens is induced by interleukin-2, a potent immunoregulatory 
molecule originally described as T cell growth factor. Interleukin-2 (IL-2) is widely 
used to isolate and induce clonal expansion of CTLs for functional studies in vitro and 
in vivo. However, in studies with CTLs specific for class I and class I1 histocompatibil- 
ity antigens, IL-2 rapidly downregulated the lytic activity of some class 11-specific 
CTLs in a time- and dose-dependent manner. Lytic activity of L3T4+ CTLs specific for 
the murine class I1 antigen I-Ekwas repeatedly up- and downregulated in vitro by 
alternate exposure to specific (doantigen) and nonspecific (recombinant IL-2) signals, 
respectively. These results demonstrate that some CTLs modulate their functional 
property (cytolysis) while undergoing IL-2-driven cell proliferation without loss of 
antigen specificity or ability to revert to a lytic phenotype. 

INTERLEUKIN-2(11,-2) IS A SOI,URLE 

gljrcoprotein that causcs cell prolifera- 
tion when ~thinds to cells via a spcc~fic 

mcmhrane receptor (1-3) Var~ous imnmu- 
noenhanc~ng act1\7itics haw hccn ascrihed to 
11,-2 (2-5), mcluding clonal expansion of 
activated cytotoxic T lymphocytes (CTLs) 
dircctcd against alloant~gens encoded by thc 
major h ~ s t o c o n p a t b i i  cc~mplcx (MHC) 
Wc now report that 11,-2 can also rap~dly 
downrcgulatc, In a dose-dependent manner, 
the lyt~c actlvity of at lcast some class 11 
aiitigcn-spec~fic CTLs w~tliout affect~ng 
their ab111ty to uiidergo ant~gcn-dr~ven pro-
Iiferat~on111 the absence of 11,-2 Downregu- 
lation of lytic activity occurrcd when ~nurine 
CI'Is spccific for tllc MHC molccule en- 
cocicd by I-Ek werc cxposed to 11,-2 for at 
lcast 6 hours. Thcsc class I1 autigen-specific 
CTLs could be repeatedly induced to gain 
and lose lytic function in a cyclical fashion 
by alteriiatc cxposurc to specific (alloanti- 
gen) and nonspecific (11,-2) cnviroiimeiital 
signals. 

The CTL cell line uscd in thesc studies is 
dcsignatcd SATC. SATC cells werc dcrivcd 
from the wells of a limiting-dilution micro- 
cytotoxicity assay (6)in which the respondcr 
cells wcre splenocytcs obtaincd froin an 
allogcneic bonc marrow chimcra (SJL + 

Ilepartmmr of Pcdlntrics, Mcdic,~l College of Wisconsin, 
Ch~ldren's IIospital of Wisconsin, Mil\vnukce, W1 
53233. 

AKR ) that had becn given SJL (H-2') hone 
marrow cells together with a noncytotoxic 
class I1 antigen-specific SJI, T ccll clone 
designated SAC-9.12 [scc (7) for descrip- 
tion of cloncJ 4 weeks earlier. After 7 days of 
coculturc with irradiated AKR (H-2k) stim- 
ulator cells in thc prcscncc of IL-2-condi- 
tioned mcdiuin obtaincd from a secondary 
mixcd leukocyte culture, a portion of the 
cclls from cach well wcre tested for cytotox- 
icity against EXIAK.Dl, a lcukc~nic AKR 
ccll line. The cclls taken from scveral cytolyt- 
ic microwells wcrc suhscqucntly pooled and 
maintained thereafter in culturc \vclls (35 
mm) or tissuc culture flasks (25 cm2) con- 
taining complctc Dulhccco's modificd Ea- 
gles medium (C-L)MEM) (6) plus recombi- 
nant IL-2 (rI1,-2) at 2.5 Ulml [Escherzchia 
colz-dcrivcd human 11,-2 (Ala-125); Arngen 
Biologicals, Thousand Oaks, California] 
without fi~rther antigen stimulation. Ccll 
c~~ltureswere split cveqi 3 or 4 days to attain 
a conccntration of 1 x 10' cclls pcr millili- 
ter. Cloncs and subcloiies were established 
from the parent SATC culturc by standard 
limitiiig-dilution techniques (8). 

Flow cytometric analysis (Y) showcd thc 
original SATC cells to bc T lymphocytes of 
SJL (Thy-1.2) and not AI<R (Thy-1.1) ori- 
girl. Morc than 99% of the cells wcrc Thy- 
1.2 ', L3T4 ',Ly-1-, and Ly-2-. All clones 
and subcloiies isolated from the SATC line 
had the samc ccll-surfacc phenotypc as thc 
parent liiic. 

SATC cells showcd rI1,-2-driven cell pro- 
lifcratiotl in the ahscnce of alloantigen (Ta- 
ble 1). 111 addition, they prolifcratcd in the 
ahscncc of rIL-2 when stimulated with cclls 
that expressed I-Ek-encoded MHC mole- 
culcs [for cxamplc, cells from BiO.BR, 
B1O.A, and BIO.A(5R), hut not RlO.A(41<) 
mice] (Tahlc 1). Thc responsc of SATC 
clones aud subcloncs was identical to that of 
the parent line (9) .  

SATC cells wcrc found to bc highly cyto- 
lytic for H-2k targets when tcsted in the 
original limiting-dilution microcytotoxicity 
assay imrncdiatcly after isolation from the 
SJI, -,AKR chimera, hut they were not 
lytic when retestcd in standard 3.5-hour ccll- 
mcdiated lympholysis (CML) assays after 2 
weeks of conti~luous culture in rIL-2. How- 
c ~ ~ c r ,SATC cclls obtained from antigen- 
driven proliferation assays (in which the 
rIL-2 had hcen rcmovcd 72 hours carlier) 
rcexpressed cytolptic activity (Tablc 1). 
Thcir lytic activity was dircctcd specifically 
against l -~~-bearing target cells. 

The absence of lysis hy SATC cclls cul- 
turcd in 1-11,-2 suggested to us that IL-2 may 
have downregulated lytic activity. To test 
this, we washed SATC cells free of r11,-2- 
supplemcntcd maintcnat~cc mcdiurn and rc- 
cultured them for 2 to 72 ho~lrs in medium 
alone, medium plus rI1,-2, or medium plus 
alloantigen (no added 11,-2) (Fig. 1A). In 
culturcs containing rIL-2, no significant ly- 
sis was observed at any of the times tcstcd. 
In contrast, cytolytic activity rcappcarcd bc- 
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Fig. 1. (A) Nonlytic S A X  cclls wcrc washcd frcc 
of rIL-2 ~nai~ltcna~iccmedium and placed in 
multiplc culturc wells (35 mm) containing 
2 x 10" SATC cclls pcr 8 rill of C-DMEM plus 
rIL-2 (4 Uiml) ( a ) ,  5 X 10' cclls per 8 ml of C-
1)MEM done (O), 10" cclls per 8 ml of C-or 5 X 

DMEM plus 20 X 10' BKx cclls per well (A).  
h e r  incubation for the tirncs indicated, eftector 
cells were collcctcd, washcd, and tested if1 CML 
assays (see Tablc 1) with E8IAK.1>1 target cclls. 
Data are shown as percent specific lysis at an E : T  
ratio of 25 :1 for cach time point. (B) SK1'C cells 
(5 x 10') wcrc washcd free of rIL-2 and cocul- 
turcd with BRx stirn~~lator 10") in 8 cells (20 X 

1111 of C-DMEM alone (A) or C-DMEM supple- 
mented with rIL-2 at a final concentration of 0.5 
(A), 1.0 ( a ) ,  2.0 ( O ) ,or 4.0 (U) Uiml. Aficr 72 
hours of culture, CMI, assays werc done at the 
E:T ratios shown with E8IAK.l)l target cells. 
Representati\~c results from one of three replicate 
cxpcrimcllts are shown. 
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